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SYNOPSIS

Liver is the largest visceral organ in the human body that performs many
vital functions. Two million deaths every year, which is 4% of all global deaths is
accounted for liver disease. As liver disease progress to end-stage, the only
effective treatment is liver transplantation. However, due to limited availability of
donor livers, studies are focused on tissue engineering approaches to develop
donor liver substitute. Tissue engineering aims to develop biological substitutes
capable of restoring damaged tissue and tissue-engineered functional liver
constructs can be a promising substitute for liver transplantation. In conventional
top-down method tissue engineering involves seeding cells over a biocompatible
scaffold for them to develop into an equivalent functional tissue. The limitation of
this approach is an uneven distribution of cells within the scaffold and the lack of
tissue organization. Recently, three-dimensional (3D) bioprinting has emerged as
a promising bottom-up assembly approach to fabricate customized tissue
constructs by layer-by-layer deposition of cells and biomaterials with precise
control over the spatial distribution of cells. Cells, biomaterial and the growth
medium form the Bioink, which is one of the important components in 3D
bioprinting of living tissues. Hydrogels are extensively been explored as main
constituent of bioink, and among them, Gelatin Methacryloyl or Methacrylamide
known as GelMAhas been widely used for biofabrication of tissue constructs.
After Bioprinting the printed construct is stabilized by crosslinking. GelMA has
crosslinking property through free radical-initiated photopolymerization under

365 nm ultra violet light in the presence of a photoinitiator. Free radicals produced

XV



during UV exposure can be harmful to the cells. Hence a photoprotective property
is required in the GelMA based bioink to safeguard cells during hydrogel

formation.

In this context, it is hypothesized that “A new formulation of GeIMA based
bioink that contains a cocktail of free radical scavenging (FRS) molecules will
have the photoprotective property to ensure viability and functionality of
bioprinted liver construct”. To test the hypothesis, the following objectives were

put forward.
1. Synthesis and characterization of Gelatin based formulations of bioink
2. Invitro evaluation of GeIMA and printability for 3D bioprinting
3. In vivo biocompatibility studies of 3D printed constructs
4. Efficacy evaluation of cell laden construct
The thesis is divided into five chapters - Chapter 1-Introduction, Chapter

2- Literature review, Chapter 3-Materials and Methods, Chapter 4-Results and

Discussion, and Chapter 5-Summary and Conclusion.

Chapter 1 introduces the area of research beginning with a description
structure and functions of liver, followed by type of liver diseases, their
complications, and their impact on society. The current treatment strategies using
liver-assist devices, hepatocyte infusion, and liver transplantation are discussed
with their advantages and limitations. The relevance of liver tissue engineering is
further detailed indicating the scope of 3D Bioprinting and the GelMA based

bioink. The research problem is defined in the end of the chapter followed by

Xvi



research hypothesis and the objectives. The chapter ends with a mention of the

scope of the thesis.

Chapter 2 reviews the relevant literature on recent advances in liver tissue
engineering. The chapter begins with a brief note on the relevance of liver tissue
engineering followed by a thorough literature review on the basic elements of liver
tissue engineering, i.e., the cell sources and scaffolds. The various approaches of
currently known liver tissue engineering are presented, highlighting their
advantages and major limitations. Finally, a detailed review is presented
specifically on 3D bioprinting technology and bioinks with an emphasis on

evaluation of bioinks for 3D bioprinting.

Chapter 3 contains a structured experimental design elaborating the
materials, equipment, and protocols involved in the study. The chapter begins with
the synthesis and characterization of Gelatin Methacrylamide (GelMA). The
methacrylation of gelatin was analyzed by 1H-NMR spectroscopy and quantified
by ninhydrin and TNBSA assay. Photo-crosslinking of low concentrations of
GelMA at 365nm in the presence of Irgacure 2959 as photoinitiator was studied.
The properties of GelMA hydrogel like water content, weight loss, and
sterilization method were studied. The cytotoxicity and cytocompatibility of
GelMA hydrogel were evaluated. A GelMA bioink formulation without cells was
analyzed for its rheological characteristics and printability. The stability and
degradation of 3D printed multilayer grid GeIMA construct of size 10x10x2 mm
was analyzed under physiological conditions. The hemocompatibility of the
construct was analyzed using human blood as per ISO 10993-4 guideline. The

ability of GelMA bioink formulation for liver bioprinting was evaluated by

Xvil



bioprinting with HepG2 cells and evaluating its liver specific function.
Phototoxicity of GelMA was studied by measuring ROS produced during UV
crosslinking. GelMA bioink with antioxidants such as Ascorbic acid and a-
Tocopherol (GeIMA-G-AO) were formulated and evaluated for its
photoprotective property. The antioxidants loaded GelMA bioink formulation was
evaluated for its cytotoxicity, cytocompatibility, rheology, printability, stability,
morphology and mechanical strength. Liver constructs with rat hepatocytes at high
cell density of 5 million cells per construct was 3D bioprinted. The histological
structure and liver specific functionality were analyzed over 7 days in culture. To
improve the organization of rat liver cells into spheroids within bioprinted
construct, the bioink formulation was modified with LAP as photoinitiator for
improved crosslinking. The modified bioink was evaluated for its cytotoxicity,
ROS assay, rheology, mechanical property and spheroid formation. The 3D
printed construct with photoprotective bioink were evaluated for biocompatibility
subcutaneous implantation in rat model as per ISO 10993-6 guideline. Finally, the
3D bioprinted liver construct was transplanted into rat liver to study the tissue

integration and vascularization.

Chapter 4, presents the results obtained and discusses the results in
comparison to reports of similar studies. The 'H-NMR spectrum of GelMA
showed proton peaks corresponding to the methacrylamide group and the mean
degree of methacrylation was above 80%. 5% GelMA hydrogel was selected for
further studies based on the photocrosslinkability and stability. GeIMA showed
optimal physical properties and was non-cytotoxic. Based on the temperature
sweep analysis, the 5% GelMA formulation was modified with addition of 3%
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gelatin denoted as GeIMA-G exhibited good rheological properties and excellent
printability. The printed multilayer constructs were stable and was
hemocompatible. Bioprinted liver constructs with HepG2 cells were viable and
exhibited liver specific functions. Phototoxicity analysis in GelMA encapsulated
cells showed that there was a significant increase in ROS production as a result of
photo-crosslinking whereas GelMA loaded with antioxidant cocktails (GeIMA-G-
AO) showed a significant reduction in ROS production thereby exhibited
photoprotection to cells. The addition of antioxidants did not affect the properties
of GelMA bioink. It was non-cytotoxic, cytocompatible and printable. Bioprinted
liver construct with primary rat hepatocyte and based on the functional and
histological evaluation, that 3D bioprinted constructs with SM cells/construct
(high cell density) outperformed those with 1M cells/construct. The long-term
functional performance of the high cell density bioprinted constructs in exhibiting
liver-specific characteristics was confirmed by from albumin and urea secretion.
Collectively, the results of this study provide evidence for the formulation of a
photoprotective bioink for high cell density bioprinting of liver constructs. For an
efficient tissue organization within the bioprinted construct, modification with
LAP as photoinitiator increased the crosslinking density of GeIMA-G-AO and has
allowed the hydrogel matrix to self-organize the cells to form spheroids with the
bioprinted construct. The modification of GeIMA-G-AO bioink with LAP also
retained the photoprotective property. Histological analysis of the subcutaneous
tissues after implantation of 3D printed GeIMA-G and GelMA-G-AO constructs
in rats for 28 days showed the presence of foreign body giant cells, a fibrous

capsule, and neovascularization in the implanted site, showing a promising
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indication for the biodegradation of GelMA hydrogel. Also, the histological
examination suggests that both GeIMA-G and GelMA-G-AO elicited similar
immune response when implanted subcutaneously in rat. Following the bioprinted
liver transplant into a rat liver, histological examination revealed that the
bioprinted liver had successfully integrated into the host liver and that blood
vessels had extended into the bioprinted construct from the host tissue. The tissue
repair was evidenced by the presence of microvasculature within the bioprinted
liver. It can be suggested that there was no adverse immune reaction to the
allogenic cell laden constructs and efficient vascularization was achieved in the

transplanted bioprinted liver when examined after 28 days of transplantation.

Chapter 5 summarizes the results and conclusions drawn. A GelMA based
bioink with photoprotective property was formulated and evaluated for liver
bioprinting. Three-dimensional bioprinting with high cell density using GeIMA
photoprotective bioink allowed biofabrication of tissue-mimetic functional liver
constructs. In conclusion, the study confirms that incorporation of antioxidants in
GelMA bioink could protect cells from ROS formed during UV exposure. The
addition of antioxidants in the standardized formulation of GelMA bioink did not
influence the inherent properties of GelMA and exhibited ideal conditions for liver
bioprinting. The bioprinted liver with high cell density forms histomimetic
functional liver tissue construct. Subcutaneous implantation of 3D printed material
and in vivo transplantation of bioprinted liver construct into rat liver suggest that
the hydrogel does not cause any adverse effect on host. Thus, the results provide
preliminary evidence for developing 3D Bioprinted liver with GeIMA-G-AO for
clinical translation in future.
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Chapter 1

INTRODUCTION

1.1 Liver

A human liver is a roughly triangular-shaped organ that weighs
approximately 1.5 kg and comprises ~2% of total body weight, making it the
largest internal organ and gland in the body (Jeschke ef al., 2018). It is made up of
very soft, pinkish-brown tissues covered by a thin capsule of dense connective
tissue and this capsule is further covered and reinforced by the peritoneum of the
abdominal cavity, which protects and holds the liver in place within the abdomen
(Rogers and Dintzis, 2018). Liver functions synchronously with many other

organs and contributes to the maintenance of basic homeostatic mechanisms.

1.1.1 Structure of liver

The human liver consists of four lobes (left lobe, right lobe, caudate lobe,
and quadrate lobe) containing multiple cell types including hepatocytes (70%),
cholangiocytes (1%), endothelial cells (12%), stellate cells (3%) and Kupffer cells
(15%) (Vernon et al., 2018) (Miyamura and Nishina, 2018). The functions are
mostly undertaken by hepatocytes, the parenchymal cells of the liver. Each liver
lobe is made up of thousands of hexagonally shaped lobules, which constitute its
functional units. Each lobule consists of a central vein at the vertices of the portal

triads. The portal triad consists of a portal vein, hepatic artery and biliary duct and



are seen at the vertices of the hexagon. Within the lobules, the hepatocytes are
arranged in cords radiating from central vein to portal triads. In between the cords
is a vascular space which is lined by a thin fenestrated endothelium and a
discontinuous membrane called a sinusoid. These sinusoids contain Kupffer cells
which are the resident macrophage of the liver and stellate cells which are hepatic
lipocytes. Between adjacent hepatocytes, a minute space of 1 - 2 um wide is
present known as bile canaliculi. The hepatocyte secretes bile salts into canaliculi
which transport the bile to the epithelium-lined bile duct (McCuskey and disease,
2012). Cholangiocytes are the epithelial cells lining the bile ducts. Blood from the
intestine flows from the portal vein and arterial blood reaches the hepatic artery
mix inside the sinusoid and finally gets into the central vein which is a branch of
the hepatic vein (Gordillo et al., 2015, Miyamura and Nishina, 2018).
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Figure 1. Diagrammatic representation of the cellular architecture of the liver.
Reproduced with permission from (Gordillo et al., 2015).

1.1.2 Functions of Liver

The liver is located perfectly between the digestive tract and general

circulation, for receiving absorbed nutrients as well as detoxifying absorbed drugs



and other noxious substances (Chiang, 2014). It functions as both an exocrine and
an endocrine organ. The exocrine functionality of the liver consists primarily of
bile salt synthesis and excretion into the common bile duct, as well as bilirubin
conjugation and excretion into the gut. The endocrine functions of the liver include
glycemic control via insulin and glucagon. The liver synthesizes important
proteins like fibrinogen, albumin, prothrombin, and other amino acids, as well as
modifies proteins into enzymes and peptide hormones. The liver also plays a role
in fatty acid metabolism and the production of lipoproteins, cholesterol, and
phospholipids (Washabau, 2012). It is also involved in carbohydrate metabolism,
including glycogen storage and gluconeogenesis as well as in ammonia
detoxification into urea (Vernon et al., 2018). In addition, the liver serves as a
storage location for vitamin and minerals such as iron. The liver is indeed essential
to life, not only due to its complex functions but also due to its role as the blood
volume reservoir. Hepatic blood volume appears to range from 25 to 30 mL/100 g
liver weight, accounting for 10%—15% of the total blood volume (Lautt, 1977).
Thus, the liver serves as an important mediator between the gut and the blood and
plays a critical role in the metabolism of macronutrients, hormones, components

of blood plasma, and exocrine and endocrine substances (Kalra et al., 2018).

Another important factor that makes liver a unique organ is its innate
ability to regenerate which helps in the restoration of function following liver
injury. The key to regenerative capability of liver is unlimited proliferative
capacity of hepatocytes. Under normal physiological condition hepatocytes are

quiescent but when the liver is injured and new liver mass is required to maintain



homeostasis, hepatocytes can be stimulated to proliferate and restore liver function

(Wang et al., 2017).

1.1.3 Diseases of the Liver

Liver disease is any condition negatively affecting the normal and healthy
performance of the liver. It can be caused due to viral infections, autoimmune
disorders, inherited diseases, alcohol consumption, etc. Depending on the duration
taken for a normal liver to dysfunction, diseases of the liver can be classified as

acute or chronic.

Acute liver failure (ALF), also known as fulminant hepatic failure, is a life-
threatening condition where liver function rapidly declines within a few days or
weeks due to the death of a significant number of hepatocytes. During the process
of converting drugs and toxins into excretable form using the cytochrome P450
(CYP 450) machinery toxic intermediates and by-products may form that can harm
the liver (Deborah G. Nguyenl*, 2016). Potential causes of ALF include drug
overdose, toxin exposure, and autoimmune hepatitis. ALF can lead to
complications like cerebral edema, gastrointestinal bleeding, and kidney failure.
The end stage of ALF often leads to symptoms such as jaundice, cerebral edema,

bleeding disorders, kidney failure, and infections (Adeva ef al., 2012).

Chronic liver disease (CLD) involves the gradual destruction of liver tissue
that occurs over months, years, or even decades. This leads to progressive
deterioration of liver functions, including the synthesis of clotting factors, and
other proteins, detoxification of harmful products of metabolism, and excretion of

bile. The spectrum of etiologies is broad for chronic liver disease, which includes



toxins, alcohol abuse for a prolonged time, infection, autoimmune diseases, and
genetic and metabolic disorders. The main causes of CLD are hepatitis C virus
(HCV), hepatitis B virus (HBV), alcohol-related liver diseases (ARLD), and non-
alcoholic fatty liver diseases (NAFLD). Cirrhosis is the final stage of CLD
resulting in disruption of liver architecture, widespread nodule formation, vascular
reorganization, neo-angiogenesis, and extracellular matrix deposition (Sharma and
Nagalli, 2023). The complications of chronic liver disease include variceal
bleeding, ascites and spontaneous bacterial peritonitis (SBP), hepatic
encephalopathy, hepatorenal syndrome, hepatopulmonary syndrome, and
Hepatocellular carcinoma (HCC). When the liver becomes damaged due to
complications from acute or chronic liver disease so that it cannot perform its
regular functions and undergo normal repair mechanism it is known as End Stage

Liver Disease (ESLD) (Tajiri and Shimizu, 2013).

1.1.4 Liver diseases-Global Status

Liver disease is responsible for more than two million deaths globally per
year, including those caused by cirrhosis, viral hepatitis, and liver cancer (Higashi
et al., 2022). It accounts for 4% of all deaths worldwide, which means that one out
of every 25 deaths are due to liver disease, and among them, approximately two-
thirds of all liver-related deaths occur in men. Liver cancer alone is responsible for
600,000 to 900,000 deaths. Chronic liver disease is one of the frequent causes of
death, especially in the developing world. The increasing prevalence of chronic
liver disease has been noted in recent times (Cheemerla and Balakrishnan, 2021).

Liver cancer is the sixteenth leading cause of death globally, while cirrhosis is the



eleventh. The most common causes of cirrhosis worldwide are related to viral
hepatitis, alcohol, and non-alcoholic fatty liver disease. Around two billion people
worldwide consume alcohol, and up to 75 million have alcohol use disorders and
are at risk of alcohol-related liver disease. Nearly two billion adults are obese or
overweight, and more than 400 million have diabetes, both of which are risk
factors for hepatocellular carcinoma and non-alcoholic fatty liver disease. The
incidence of viral hepatitis is still widespread around the world, and drug-induced
liver damage is becoming a more significant cause of acute hepatitis. Cirrhosis has
become the 10" highest cause of death in Africa (previously ranked 13" in 2015),
the 9™ highest cause in Southeast Asia and Europe, and the 5™ major cause of
mortality in the Eastern Mediterranean (Devarbhavi et al., 2023). Cirrhosis is also
a costly disease. In the United States, liver-related expenses amounted to $32.5
billion in 2016, with two-thirds of these costs associated with inpatient or
emergency department care. Over 20 years, healthcare spending has increased by

an average of 4% per year, primarily driven by hospital-based services.

1.1.5 Liver Disease Status

Liver diseases are increasingly being recognized as a significant concern
for public health in India. Hepatitis B virus (HBV), alcohol-induced hepatitis,
drug-induced liver injury, and hepatitis E virus (HEV) are the main causes of acute
hepatitis in adults. HBV is also the primary cause of chronic liver disease.
However, there is an increasing prevalence of alcohol abuse, which might
eventually surpass HBV as the main factor for CLD. Each year, around one million

new cases of liver cirrhosis are diagnosed in India. In 2016, the collective number



of deaths caused by chronic liver diseases and cirrhosis in India was 2.1% of the
total mortalities. According to the data released by the World Health Organization
(WHO) in 2017, liver disease fatalities in India amounted to 259,749, constituting
2.95% of the total number of deaths. These deaths accounted for 18.3% of all
cirrhosis-related deaths worldwide. Hence, according to WHO, liver disease ranks
as the tenth leading cause of mortality in India. One out of every five Indians is
affected by liver disease, which claims more lives than diabetes and road accidents
(Devarbhavi et al., 2023). Patients in India also face significant financial hardships
when treating chronic liver diseases, as the cost of diagnosis and intensive care

treatment can exceed US$ 5,000 (Prinja et al., 2018)).

1.1.6 Diagnosis of liver diseases

Clinicians utilize liver function tests (LFTs) to assess the condition of an
individual’s liver. These tests measure various components, including aspartate
transaminase (AST), alanine transaminase (ALT), bilirubin, alkaline phosphatase
(ALP), and gamma-glutamyl transpeptidase (GGT), which provide information
about liver cell damage (S. Sivakrishnan, 2019). Elevated levels of AST and ALT
indicate hepatocyte damage, while ALP can indicate damage to the biliary tract.
However, it is important to note that ALP can also be present in other tissues like
bones. Therefore, when combined with other markers, ALP can provide evidence
of hepatocellular injury. A reliable method to evaluate liver function is its
capability to produce protein. Although the liver synthesizes an important protein
called albumin, its levels cannot solely determine liver performance due to other

influencing factors like nutrition status and nephrotic syndromes. Moreover,



albumin has a lifespan of 15 to 20 days, hence it may not indicate immediate liver
dysfunction. Hence, albumin levels are combined with coagulation studies to gain
an understanding of the liver’s functional capacity. Ultrasound is a cost-effective
and non-invasive method extensively applied in evaluating the liver. Triple-phase
imaging techniques like computed tomography (CT) or magnetic resonance
imaging (MRI) are employed to classify and diagnose liver lesions (Kalra ef al.,

2018).

1.1.7 Current treatment strategy

Although the liver can regenerate and regain all of its mass and function,
cirrhosis-induced damage can deteriorate the ability to regenerate, necessitating
treatment to address the issue. Depending on the type of liver disease and how far
it has advanced, different treatment strategies are offered. In case of viral hepatitis
or inherited conditions like Wilson disease, medications are provided whereas for
non-alcoholic fatty liver disease, lifestyle changes such as restricted calorie intake
and increased physical activities are recommended (Zelber-Sagi and Moore,
2024). Acute liver failure is a critical medical condition that necessitates
immediate hospital care. Treatment can potentially reverse certain causes of acute
liver failure, while in other cases, a liver transplant may be the sole solution for a
cure. End Stage Liver Disease is an irreversible condition, and the only potential
solution is a liver transplant. Thus, when the liver progresses to the end stage,
transplantation of the liver remains the only option (Li ef al, 2021). During
transplantation, a diseased or damaged liver is replaced with a healthy one. Three

main types of liver transplants can be given to a patient, (i) deceased donor



transplant in which a liver from a recently dead donor is transplanted, (ii) living
donor transplant in which a healthy person donates a piece of their liver to the
recipient and (ii1) split type liver transplant where liver from a deceased individual
will be split into right and left lobes and transplanted into two individuals. During
orthotopic liver transplantation (OLT), the damaged liver is removed and replaced
by a donor organ in the same anatomic location as the original liver. However,
patients with severe chronic liver disease having portal hypertension and severe
clotting disturbances may find it difficult to dissect and remove the host liver.
Therefore, in such cases, heterotopic liver transplantation is carried out where the
recipient's liver is left in place and a donor's liver is sewed into an ectopic site
(Zhang and Wheatley, 2018). While liver transplantation remains the most
effective treatment for liver failure th e acute lack of available donors is one of the
main obstacles to liver transplantation (Rashidi et al, 2018) contributing
significantly to wait for list mortality, the 12-15h short window in which donor
organs must be cryopreserved before transplantation (Tas ef al., 2021), the lack of
a structured database that impedes the matching of matched donors with transplant
candidates, the risk of organ rejection, and the requirement for lifelong

immunosuppressive therapy, and high morbidity (Ruiz and Kirk, 2015).
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Figure 2. Organ transplantation statistics in India. Data obtained from
http://www.organindia.org. (a) Graph depicts that liver transplantation is the
second most common transplantation performed in India, (b) Graph shows the
demand for liver for transplantation.

Extracorporeal liver assist devices (ECLS) are short-term life-supporting
devices that regulate blood/plasma parameters to assist the liver function of
patients awaiting liver transplantation to provide a temporary solution. In certain
situations, with the help of ECLS, complications of liver failure, like hepatic
encephalopathy and multi-organ failure, can be delayed, allowing the native liver
to gradually regain its functionality. Extracorporeal liver-assist devices can be
divided into artificial liver assist (ALA) devices and bioartificial liver assist (BAL)
devices. ALA support systems employ a mechanical method without cells to
replace the detoxification role of the liver whereas BAL systems use living cells
to detoxify blood by separating and running plasma through a hollow-fiber
network lined with hepatocytes (Nguyen et al, 2022). ECLS has several
drawbacks, such as a lack of accessibility, difficulty in operating, a complex setup
of instruments, and movement restrictions brought on by the patient. As a result,

alternative therapeutic strategies are required to replace the compromised organ.

The successful results of partial orthotopic liver transplantation indicate

that complete liver replacement is not always required to restore liver function
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(Rela et al., 2016). This allows the possibility of using hepatocytes as a potential
source of cells for liver disease treatment. Cell-based therapy focuses on
incorporating functional hepatocytes into the patient’s liver through the infusion
of hepatocytes into the vascular network, such as the portal vein. Allogeneic
hepatocyte transplantation was initially developed as a potential alternative to liver
transplantation in which transplanted cells, once engrafted into the recipient’s
liver, restore the impaired hepatic function. Hepatocytes are primarily obtained
from donor livers that are not suitable for organ transplantation due to extended
warm or cold ischemia times, mild steatosis, or abnormal anatomy. The procedure
for transplantation, which consists of injecting hepatocytes into the liver or spleen,
is less invasive compared to whole liver transplantation and can be performed on
critically ill patients with a lower level of risk. Over the last two decades,
hepatocyte transplantation (HT) has progressed from the bench to the bedside.
However, due to poor cell engraftment and time-limited survival of the
transplanted hepatocytes, this approach has failed to demonstrate long-term

clinical benefits (Yanagi ef al., 2017, Mazza et al., 2018).

Therefore, researchers propose to test novel tissue engineering approaches
aiming to fabricate three-dimensional functional hepatic tissue in microscale size
or whole bioengineered liver to restore lost liver function and address the donor

organ shortage issue.
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1.2 Liver tissue engineering

Tissue engineering (TE) was defined by Langer and Vacanti in the early
90s as “an interdisciplinary field which applies the principles of engineering and
life sciences toward the development of biological substitutes that restore,
maintain, or improve tissue function” (Vacanti and Langer, 1999). Tissue
engineering strategies have the potential to replace, repair, and regenerate
tissue/organs for a wide range of biomedical applications including
transplantation. It holds out the possibility of generating new tissues and organs
through the combination of material scaffolds and a patient’s cells. The initiatives
of liver tissue engineering include (1) the generation of whole, implantable, and
functional tissue-engineered liver constructs; (2) bioartificial liver systems to
prolong the lives of liver patients before liver transplantation; (3) an in vitro
hepatocyte-based model for drug metabolism/toxicity screening for drug
discovery; and (4) for fundamental researchers of liver regeneration, disease, and
pathophysiology. Figure 3 illustrates the different methods employed in liver
tissue engineering for invitro drug screening, disease modeling, and in vivo

application.
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Figure 3. Tissue engineering approaches for in vitro and in vivo applications.
Adapted from (Heydari et al., 2020b)

Liver tissue engineering aims to create transplantable liver tissue in vitro
with the functionality of the original human liver, allowing patients with liver
injury to receive treatment and address the clinical organ shortage (Kryou et al.,
2019). The success of tissue-engineered liver construct for in vivo application
largely depends on the development of liver tissue with the ability to mimic the
natural liver architecture and its physiology. In the conventional or top-down
tissue engineering method, cells are seeded over a prefabricated porous scaffold
and are grown into a functional tissue equivalent. As a result, it poses challenges
such as incomplete cell penetration, uneven cell distribution within the scaffold,
low cell seeding density, absence of vascularization, and tissue-level cell
organization (Wang et al, 2021). Therefore, to address the limitations of the
conventional method and improve the transplantation process, a bottom-up or

modular approach was introduced. In the bottom-up approach, functional tissues
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are fabricated using bioactive molecules, cells or cell aggregates, biomaterials, or
hybrid cell-material constructs via bioassembly or bioprinting and through
subsequent tissue maturation processes (Groll ef al., 2018). Bottom-up tissue
engineering has unique design flexibility and allows module units to be combined
through self- or guided/programmed cell assembly and enables the spatiotemporal
modulation of cell-cell and cell-extracellular matrix (ECM) interactions in the

engineered tissues.

1.2.1 Three-dimensional Bioprinting

Three-dimensional (3D) Bioprinting is one of the promising technologies,
used in regenerative medicine to develop complex tissue structures that mimic
native organs and tissues. 3D bioprinting is based on the layer-by-layer precise
positioning of biological constituents, biochemicals and living cells, by spatial
control of the placement of functional constituents of the fabricated 3D structure
(Murphy and Atala, 2014). Based on the CAD model generated from the computed
tomographic (CT) image obtained from a patient’s damaged or injured organ, 3D
bioprinting helps in generating customized biomimetic structures for individual
patients (Billiet et al., 2014). The benefit of using 3D bioprinting in the biomedical
field is the ability to create complex structures on demand with high precision in
a short period of time.

The elements of 3D Bioprinting are bioink, cells, growth factors and
bioprinter. The bioink is the primary component of 3D bioprinting which is
essential for the generation of functional organs or tissue structures. The bioink,

which consists of biomaterials along with cells or cell aggregates in an appropriate
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culture medium containing bioactive molecules, is used to biofabricate 3D
constructs using a bioprinter. It is important to choose bioinks with ideal properties
for the success of bioprinting (Gopinathan and Noh, 2018, Murphy and Atala,
2014). Bioinks that closely resemble a cell ECM and having the optimum gelling
properties for bioprinting are the best candidates for enhancing cell function and
viability. In this regard, hydrogels are considered as the most prominent
biomaterial for 3D bioprinting, mainly due to their similarity with ECM, ability to
hold live cells, modifiable chemical structures, tunable mechanical and
biodegradation properties (Ramiah ef al., 2020). The shape and integrity of the 3D
printed constructs are maintained by stabilizing the constructs using either

chemical, enzymatic or photo-induced crosslinking (Theus et al., 2020).

Photo-crosslinking is one of the crosslinking method that is most
frequently used in 3D bioprinting because of its higher crosslinking efficiency and
spatiotemporal controllability in generating stable tissue constructs (Zennifer et
al., 2022). In photoinduced crosslinking, hydrogels are formed by polymerization
under light irradiation (ultraviolet (UV) or visible light) in presence of
photoinitiators. The most commonly used photo-crosslinking method is free
radical polymerization. Therefore, the major concern during UV exposure to

biological entities is the production of cytotoxic free radicals (Rizzo et al., 2023).

In normal liver, the ECM compartment is less than 3% of the relative area
of the liver section and 0.5% of the weight (Bedossa and Paradis, 2003, Lv et al.,
2022). Therefore, in liver bioprinting, it is important to fabricate liver construct
with high cell density and less ECM in order to mimic the native tissue’s structure

without compromising on functionality and physiological makeup.
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1.2.2 GelMA based bioinks

Numerous hydrogel systems have been explored as bioinks. Among them,
modified form of gelatin known as Gelatin Methacrylamide, Gelatin
Methacrylolyl, or Gelatin Methacrylate all abbreviated as GelMA is a widely used
hydrogel for biofabrication of various tissue constructs. GelMA 1is a functionalized
form of gelatin, modified with methacrylic anhydride (Shirahama ez al., 2016).
The gelatin is a byproduct of the hydrolysis of collagen, which makes up the
majority of the ECM in most tissues. Hence, gelatin retains the arginine-glycine-
aspartic acid (RGD) sequences that helps in cell attachments as well as the
enzymatic degradation sequences of matrix metalloproteinase (MMP) which is
crucial for tissue remodeling. The main advantages of gelatin over collagen are
better solubility in neutral pH and low level of antigenicity (Yin ef al., 2018). In
GelMA, the modification with methacrylic anhydride provides gelatin a photo-

crosslinking property without losing its biological properties.

The 3D bioprinted constructs with GelMA based bioink can be stabilized
by either enzymatic or photo-induced crosslinking. However, it has been noted
that, in comparison to GeIMA constructs crosslinked with microbial
transglutaminase (MTGase), rapid photo-crosslinking aided in maintaining the
structural integrity of the GeIMA construct (Zhou et al., 2017). In case of GeIMA
hydrogel formation, methacryloyl-initiated photo-crosslinking is activated by
photoinitiators. The selection of photoinitiators is critical for effective
polymerization. To produce free radicals effectively, a photoinitiator needs to be

highly efficient and have a broad excitation spectrum.2-hydroxy-1-[4-(2-
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hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959) and lithium
acylphosphinate salt (LAP) are commonly used photoinitiators which generate
free radicals under UV light, and simultaneously participate in chain

polymerization to crosslink each other (Ghosh et al., 2023).

1.3 Problem statement

The 3D bioprinted constructs with GelMA bioink are stabilized by
exposing under UV and during this time a large amount of free radicals are
produced as a result of free-radical initiated polymerization. The generation of free
radicals during UV exposure is uncontrollable and has a high potential to interact
with the cells encapsulated in the tissue construct. Free radicals can be defined as
any molecular species capable of independent existence with an unpaired electron
in an atomic orbital. They are highly reactive species that can attack biologically
relevant molecules such as DNA, proteins, carbohydrates, and lipids. This can lead
to severe cellular damage by interfering with physiological and biochemical
processes (Lobo ef al., 2010). The cellular damage due to UV exposure can be
limited to an extent by selecting a desired wavelength, exposure time, and
intensity. However, the real issue arises when the size of the bioprinted GelMA
construct increases and it takes longer to crosslink, exposing the cells inside the
construct to UV for a longer period of time. Therefore, it is necessary to provide
protection to the cells encapsulated in photo-crosslinkable GeIMA from cytotoxic

free radical attack.
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1.4 Conceptualization and formulation of hypothesis

GelMA is a photo-crosslinkable polymer that forms hydrogel through free-
radical initiated polymerization. So, under UV exposure, photoinitiator present in
GelMA bioink formulation generates free radicals and the radicals are then
transferred to the methacryloyl group of GelMA macromers, resulting in covalent
bond between two methacryloyl side groups. The number of free radicals
generated depends on the concentration of photoinitiator, UV exposure time and
GelMA concentration which in turn determines the crosslinking efficiency. Since,
the free radicals can induce cytotoxic effect on cells in the bioink it is necessary to
control free radical generation without causing significant effect on crosslinking

efficiency.

In human body, free radicals are usually produced by regular metabolic
processes or due to external factors (radiation, pollutants etc). Some internally
generated sources of free radicals are mitochondria, peroxisomes, phagocytosis,
inflammation etc. Human bodies reduce the impact of these free radicals by setting
up defense mechanism with the help of antioxidants that act as free radical
scavengers (FRS). An antioxidant is a molecule stable enough to donate an
electron to a rampaging free radical and neutralize it, and thereby terminate the
chain reaction before vital molecules are damaged. Some of the antioxidants are
produced during normal metabolism in the body and some are supplemented
through diet (Lobo ef al, 2010). Thus, antioxidants can be grouped into two
categories: endogenous (enzymatic) and exogenous (non-enzymatic). The

enzymatic group includes catalase, the enzymes of glutathione thioredoxin system,
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and superoxide dismutase (SOD) and exogenous group includes vitamin C
(Ascorbate), vitamin E (a-Tocopherol), carotenoids, flavonoids, polyphenols etc.

(Nimse and Pal, 2015).
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Figure 4. Schematic representation of cellular responses to oxidative stress in the
presence (red lines) and absence (blue lines) of antioxidants. Adapted from
(Petruk et al., 2018)

In nature, plants as well as human skin are prone to damage by UV rays
from the sunlight. UV radiation can induce intracellular Reactive Oxygen Species
(ROS) production and leads to deleterious effects on living organisms.
Photoprotection is defined as the biochemical processes that assists organisms in
dealing with molecular damage caused by solar radiation (Verma et al., 2024). In
case of plants, solar radiation affects their photosynthetic machinery and plants
use antioxidants like flavonoids and carotenoids for UV protection (Maury et al.,
2020). In humans, to protect skin from UV damage, topical applications of
sunscreens supplemented with endogenous antioxidants are widely used. The
antioxidants that have been studied the most extensively for preventing oxidative

damage to the skin are vitamin C, vitamin E, and B-carotene (Jesus et al., 2023).
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It has been reported that combining vitamin C and E is better for UV protection to
skin than using the same concentration of either vitamin alone. This is due to the
fact that vitamin C and vitamin E can interact synergistically and provide enhanced

antioxidant protection (Rozman and Gasperlin, 2007).

Vitamin E is a major chain-breaking radical scavenger in the liposoluble
compartment, making it the major specific defense line against lipid peroxidation.
When a peroxyl radical forms in a membrane the hydroxyl group on vitamin E
chromanol ring reacts with the peroxyl radical to form the corresponding lipid
hydroperoxide and tocopheroxyl radical. Thus, vitamin E acts as a chain-breaking
antioxidant, preventing further lipid autoxidation, but it also forms a radical, which
may re-initiate lipid peroxidation. Studies have shown that due to the synergistic
interaction of antioxidants, combining vitamin E with vitamin E recycling
antioxidants such as vitamin C, glutathione, ubiquinone, or carotenoids provide
better antioxidant activity (Rozman and Gasperlin, 2007). There is growing
evidence that vitamin E and C work together to enhance cellular function, despite
being located in different parts of the cell. Through the regeneration of vitamin E
radical, vitamin C increases the protective effectiveness of vitamin E. Therefore
during UV exposure, vitamin E scavenges active free radicals and is oxidised to
produce vitamin E radicals and in the presence of vitamin C, vitamin E radicals
get reduced back to Vitamin E and thus both works synergistically. Thus,
antioxidant capability of vitamin E is effectively increased by the synergistic
interaction of vitamin E and vitamin C and thereby provide enhanced

photoprotection to the cells. (Lin et al., 2003) .
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1.5 Hypothesis

A new formulation of GeIMA based bioink that contain a cocktail of free
radical scavenging (FRS) molecules will have the photoprotective property to

ensure viability and functionality of 3D bioprinted liver construct.

1.6 Aims and objectives

The aim of the study is to develop GeIMA based bioink formulation with

photoprotective property for the three-dimensional bioprinting of liver construct.
To accomplish this aim, four objectives are formulated as given below.
1. Synthesis and characterization of Gelatin based formulations of bioink
2. In vitro evaluation of GeIMA and printability for 3D bioprinting
3. Invivo biocompatibility studies of 3D printed constructs

4. Efficacy evaluation of cell laden construct

1.7 Scope of the study

The study will explore the synergic mechanism of antioxidant Vitamin C
and Vitamin E to formulate a novel photo-protective GeIMA based bioink for the

fabrication of bioprinted liver construct.

1.8 Structure of thesis

The thesis is divided into five chapters Chapter 1-Introduction, Chapter 2-
Literature review, Chapter 3-Materials and Methods, Chapter 4-Results and

Discussion and Chapter 5-Summary and Conclusion. Chapter 1 introduces the area
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of research and defines the research problem. To address the research problem a
research hypothesis is formulated and the objectives through which the hypothesis
can be proved are enumerated in this chapter. The chapter ends with a mention on
the design and scope of the thesis. Chapter 2 reviews the relevant literature on the
various approaches in liver tissue engineering mainly focusing on three-
dimensional bioprinting. The evaluation of bioinks was also described. Chapter 3
contains a structured experimental design elaborating the materials, equipment and
protocols involved in the study. Chapter 4 presents the obtained results related to
each objective of the thesis and discusses the results in comparison to previous
findings. Chapter 5 summarizes the results and draws a conclusion based on the
major achievements and limitations of the study. The chapter ends with a remark

on future direction of research related to this study.
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Chapter 2

LITERATURE REVIEW

2.1 Liver tissue engineering

More than 500 million individuals worldwide suffer from chronic liver
diseases, comprising 2% of total fatalities (Mazza et al., 2018). According to the
systematic analysis of the Global Burden of Disease Study 2017, 1.32 million
people died in 2017 from cirrhosis and other chronic liver diseases, compared to
889 000 in 1990 (Fedeli et al., 2023). Thus, the incidence of fatal liver diseases is
increasing. Given this urgent situation, it is crucial to comprehend the
physiological function of liver cells and the underlying disease mechanism to
ensure effective treatment. Liver transplantation is currently the efficacious
treatment for end-stage liver disease; however, there exists a significant disparity
between the demand for organ transplantation and the availability of donor organs.
The demand for donor organs continues to rise, therefore it is imperative to explore
new therapeutic alternatives to liver transplantation. One such alternative is cell
therapy, which involves administering live, whole cells to patients for disease
treatment (Tatsumi and Okano, 2017). A potential cell therapy is allogeneic
hepatocyte transplantation (HTx) where isolated human hepatocytes are infused
and then engrafted into the recipient’s liver to provide the impaired hepatic
function. The source of human hepatocytes are mainly donor livers unsuitable for
OLT or from liver segments mainly I and IV available after split liver

transplantation. Even though HTx has shown encouraging clinical improvements
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in patients, but the availability of donor livers from which high-quality hepatocytes
can be isolated is limited. The cells isolated from liver rejected for OLT generally
exhibit poor performance. Also, the hepatocytes for transplantation are stored
under reduced temperature and the use of cryopreserved cells have limitation of
reduced cell viability due to freeze thaw cycle (Iansante et al., 2018). The long-
term efficacy of engrafted cells is also limited by immunosuppression (Bhatia et
al., 2014). Therefore, to overcome the drawbacks of current cell-therapy approach,
the development of tissue engineered implantable hepatic tissues is a promising

strategy for the treatment of liver diseases.

Tissue engineering is an interdisciplinary field that applies the principles
of engineering and the life sciences toward the development of biological
substitutes that restore, maintain, or improve tissue function (Siemionow and
Eisenmann-Klein, 2010). Tissue engineering has been identified as a promising
strategy for achieving two main objectives: generating tissue and organ substitutes
for clinical transplantation and creating human tissue analogues for drug testing
and disease modelling (Mandrycky et al., 2017). The three main components
involved in tissue engineering are (1) cells (2) a suitable scaffold for support; and
(3) bioactive molecules, such as cytokines and growth factors, that will encourage
and coordinate the formation of the desired tissue (Krishani ef al., 2023). Liver
tissue engineering (LTE) enables us to reproduce and restore liver functions, fully
or partially, which could be used in the treatment of acute or chronic liver disorders
and/or generate an appropriate functional organ which can be transplanted or
employed as an extracorporeal device (Heydari et al., 2020a). In LTE, hepatic
models are mainly developed by combining primary or stem cell-derived cells with
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three-dimensional (3D) scaffolds in an effort to mimic the complexity of tissue
architecture. The successful development of cell microenvironment resembling the
dynamic native extracellular matrix have increased the likelihood of being able to
meet clinical demand for tissue (or organ) repair and replacement in a timely
manner (Mazza et al., 2018). In vitro biofabricated liver tissues can perfectly
replicate the cell-to-cell and cell-to-matrix contact environment found in vivo,
which aids in restoring liver cell polarity and enhancing growth activity. Also, in
comparison to two-dimensional monolayer tissue, in vitro biofabricated liver
tissue can maintain cell polarity for a long time and ensure cell surface protein
transmission, preventing liver tissue function loss (Yang et al., 2022). An adequate
cell source, a 3D microenvironment with efficient mass transfer to maintain liver
functions, and ease of handling and immobilization during transplantation are all
necessary to biofabricate a hepatic construct in vitro for implantation (Yang et al.,
2021). Common TE techniques used for fabricating 3D hepatic model are based
on distributing primary hepatocytes or hepatocyte-like cells derived from stem
cells within a three-dimensional structure, thereby improving their survival rate

and functional phenotype (Heydari et al., 2020a).

2.1.1 Cell source

The selection of cells is critical in the process of biofabrication of liver
tissues. In liver, hepatocytes form the functional metabolic unit, which accounts
for 60-65% of the total liver’s cell population. Along with hepatocytes, the non-
parenchymal cells such as Hepatic sinusoidal endothelial cells (HSEC), Kupffer

cells (KC), hepatic stellate cells (HSC), cholangiocytes, portal fibroblasts (PF) and
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pit cells are also used for engineering of liver tissue (Mazza ef al., 2018). Finding
patient-derived hepatocytes for tissue engineering applications is challenging, so
various other sources of hepatocytes have been investigated. Adult hepatocytes,
hepatoblasts, oval cells, foetal hepatocytes, hepatocytes derived from adult stem
cells, and hepatocytes derived from induced pluripotent stem cells (iPSC) are some
of the popular alternative sources of hepatocytes (Fitzpatrick et al., 2009). The
isolation and maintenance of hepatocytes and non-parenchymal cells in vitro is
one of the major hurdles in liver tissue engineering. The 2D-matrix environment
that the cells are exposed to in traditional culture conditions causes significant

changes in the cellular phenotype over a brief period of culture.

2.1.2 Single cell type
2.1.2.1 Primary Human Hepatocytes

Primary human hepatocyte (PHH) is still regarded as excellent source for
liver tissue engineering, including modelling infectious liver diseases, assessing
drug metabolism, and liver regeneration. Hepatocytes accounts for 60-80% of the
liver mass and are responsible for many important functions of the liver. Also,
when there is liver damage in vivo, adult hepatocytes proliferate and aid in the
regeneration of the liver. However, the applicability of PHH for tissue engineering
is limited by its lack of proliferative capacity and rapid loss of functions during
conventional in vitro culture (Hu et al, 2015). Therefore, to overcome this
limitation, various techniques, such as culturing in the form of spheroids,

redefining the culture medium with growth factors, or culturing in a 3D system
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mimicking the tissue microenvironment, have been developed and have shown

improved functionality and viability in vitro. (Wang et al., 2022).

2.1.2.2 Animal primary hepatocytes

Rat and porcine hepatocytes have been used in studying liver regenerative
medicine. The main advantage of using animal cells is their availability. Rat
hepatocytes are mainly isolated from Sprague Dawley and Wistar rats. Rat
hepatocytes can used be as a source for preliminary studies. It is difficult to isolate
rat hepatocytes as well as only a limited number of cells are obtained after

1solation.

Pigs shows similar physiology with human and exhibit functions closer to
human liver tissue (Mirdamadi et al., 2020). Therefore, porcine hepatocytes are
used in Bioartificial Liver (BAL), a device that provides in vivo hepatic function
in patients with liver failure. BAL requires large amount of functional cells and
thus pig is considered as a best donor species (Donato ef al, 1999). The main
limitations in using porcine hepatocytes are the transmission of zoonotic diseases,
protein—protein incompatibility and the possibility of host immune reaction

(Palakkan ef al., 2013).

2.1.2.3 Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSC), are a type of pluripotent stem cell
derived from adult somatic cells that have been genetically reprogrammed to an
embryonic stem (ES) cell-like state that enables the development of any type of

human cell (Ye et al., 2013). Therefore, directing the differentiation of iPSC
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towards hepatocytes have been explored as an alternative cell source to overcome
the challenge of hepatocyte culturing. This method allows for the production of
large numbers of hepatocytes for tissue engineering. iPSCs can be isolated from
patient’s own cells and thus can prevent any risk of immune rejection (Zakrzewski
et al., 2019). Many studies have reported on the development process for human
1PSC differentiation into the hepatocytes. A study that evaluated the functions of
differentiated hepatocytes from stem cells found that they could be used in cellular
therapies. But the cells that are produced are not functionally mature when
compared to in vivo conditions (Raju et al., 2018). It is impossible to maintain
hepatocytes made from embryonic or induced pluripotent stem cells as they do not
proliferate. In addition, it has been demonstrated that iPSC reprogramming and
cell epigenetic memory may follow different differentiation pathways due to
phenotypic differences (Zhou et al., 2012). The use of pluripotent stem cells has
also given rise to concerns about the possibility of tumor development, the efficacy
of long-term differentiation, and low differentiation efficiency (Ye et al., 2013).
Therefore, it is essential to create functional cells that are just as effective as

primary cells.

2.1.2.4 Human Adult Liver Stem Cells

A mature liver contains a small percentage of hepatic progenitor cells,
which can differentiate into liver cells. These adult stem cells are known as oval
cells. They are similar to embryonic hepatoblasts, which are liver progenitor cells
that can differentiate into cholangiocytes and hepatocytes, in terms of phenotype

markers and functions (Zhang et al., 2003). The tiniest branches in bile canaliculi
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contain these cells. Isolated hepatic liver stem cells have the capacity to
differentiate into bone, endothelial, insulin-producing, and hepatocyte cells.
Studies have reported that HGF and FGF-4 enhance their differentiation to
hepatocytes. Through a similar regeneration process showed by liver, these oval
cells can partially repair the liver with acute and chronic liver diseases. The
complicated isolation conditions of these cells, however, limit their application

(Yang et al., 2022).

2.1.3 Co-cultured Cell System

Liver is composed of hepatocytes and other non-parenchymal cells (NPC).
The function of hepatocytes is correlated with hepatocyte—hepatocyte, hepatocyte—
ECM and hepatocyte—NPCs interaction. In conventional culture systems, the
absence of reciprocal interactions causes hepatocytes to rapidly lose both their
phenotype and their functions (Tegge et al., 2018). Therefore, to overcome this
limitation, researchers proposed co-cultured systems where two different cell
types are cultured together and are allowed to interact within the culture.
Coculturing PHHs with other nonparenchymal cells (NPCs), such as sinusoidal
endothelial and stellate cells, and fibroblasts to mimic their microenvironment, has
also shown promising results. Similarly, coculture with hepatic stellate cells
(HSCs) can simulate the matrix environment and vascular endothelial cells
(VECs) can initiate angiogenesis and provide nutrition. Studies have also shown
that combining hepatocytes with bone or adipose mesenchymal stem cells (MSCs),
also supported liver function via paracrine cytokine secretion. Lee et al.’s study

showed that HepG2 cells and MSCs when cocultured to examine the cells potential
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for invasion, they discovered that HepG2 cells had high levels of markers for
increased stemness, proliferative ability, and epithelial mesenchymal transition
(EMT) (Lee et al.,, 2021b). It has been reported that coculturing hepatocytes,
fibroblasts, and VECs simulate liver lobule structure and significantly improved
VEC capillary formation and maintained relevant liver function parameters (Liu

etal., 2014).

2.1.4 Hepatic spheroids and organoids

Spheroids are cell aggregates, formed by self-aggregation of single or
multiple cell types when cultured in low adhesion environment. The spheroid
formation mechanism is a complex process that involves cell-cell and cell-matrix
interactions. Initially, the cells in suspension or on a substrate self-assemble
through weak physical interactions and form cell-aggregates. These cell
aggregates are then compacted by contracting actin-myosin filaments, resulting in
mechanical forces and increased cell-cell adhesion. Spheroid culture helps to
overcome the limitation of traditional monolayer cell culture and enhance the

connections between cell-cell and cell-matrix (Biatkowska et al., 2020).

Several methods have emerged during the last few decades with the
intention to produce spheroids in a high-throughput manner. Under specific culture
conditions, such as an environment with extremely low adhesion, the micro
molding technique, rotary culture, or the hanging drop method, spheroids can be
produced. Spheroid cell culture provides cells a three-dimensional environment
mimicking natural tissues. Spheroidal cells improve gene expression linked to

apoptosis, survival, and angiogenesis while assisting in maintaining cell-to-cell
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contact and intercellular signals. Spheroids have been utilized in tissue
engineering, cancer research, and studies on drug metabolism because of these
qualities (Cox et al., 2020). The formation of hepatocyte spheroids (HSs), which
were first described by Landry ef al,, involved the self-aggregation of a single rat
hepatocyte (Landry et al., 1985). HSs have been reported to be transplantable in
animal models. It has been established that HSs are capable of maintaining liver-
specific functions because their structure closely resembles the environment of the
original liver tissue. HSs were found to have higher viability and albumin
production than typical cultured single hepatocytes. Furthermore, HS’s spheroidal
structure shields hepatocytes from apoptosis. These traits imply that HSs can
lessen cell deterioration brought on by cell isolation and may enhance engraftment

and/or survival following HCTx (Shibuya et al., 2021).

The term “organoid” refers to a complex tissue-like structure with multiple
cell types that functions as a “miniorgan” in vitro and spheroids are frequently
described as “simple cell aggregates” made up of only one type of cell. There is
growing evidence that 3D cell culture can promote a more in vivo-like phenotype
than 2D cell culture. Studies have also shown that hepatocytes exhibit increased
viability and functional capability when grown in sandwich cultures or self-
assembled spheroids, demonstrating the clear benefits of three-dimensional
growth conditions. The ability of liver spheroids and organoids to grow cells as
3D structures allows for the development of cell-cell interactions that are similar
to those found in the liver's in vivo environment (Sato et al., 2021). The hepatocyte
spheroids show long term and stable liver-specific functions of hepatocytes.
In vitro tests showed that the multidrug resistance-related protein-2 (MRP2),
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albumin, and CD31 expression levels were higher in the structured microtissue
spheroids. Researchers have created culture platforms that can generate large
number of uniformly sized liver spheroid cells from iPSCs (Lee et al., 2021a).
Another 3D spheroid model is the liver bud (LB), which develops from a variety
of pluripotent stem cells through interactions with the extracellular matrix to form

tiny organs that resemble embryos (Wang ef al., 2000).

2.1.5 Scaffolds for liver tissue engineering

Cells, scaffolds and growth-stimulating signals are the key components in
tissue engineering generally referred to as the tissue engineering triad. A scaffold
is the structural framework made up of biomaterials for providing support to the
cells to adhere, migrate, and subsequent development of functional tissues
(Tomlins, 2016). A biomaterial is defined as “any substance, whether natural or
synthetic, that can be used in the body to treat, augment, or replace tissues, organs,
or bodily functions” (Gilmore et al., 2014). In liver, the ECM component plays
an important role in maintenance of cellular characteristics and regulation of
functions. Therefore, biomaterial should be selected based on their ability to
reproduce the essential physiological characteristics of ECM. Hydrogels, which
are networks of organic or synthetic hydrophilic polymer chains, were among the
first biomaterials intended for use in the human body (Taaca et al., 2022). The
liver ECM can be functionally mimicked by using hydrogels. They are among the
most promising candidates for use as biomaterial in liver tissue engineering (Pal
et al., 2012). Scaffolds can be based on either natural or synthetic biomaterials.

Natural biomaterials are derived from animal bodies, plants or marine world which
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include cellulose, chitosan, gelatin, alginate, collagen, fibrin, heparin, hyaluronic
acid, etc. Additionally, tissue-derived materials, which are primarily
decellularized ECM obtained by using physical, chemical, and enzymatic agents
removing all cells from native tissues or organs, are also been widely studied
(Brovold et al., 2018). Some of the synthetic biomaterials used are poly(vinyl
alcohol), poly(L-lactic acid), poly(N-isopropylacrylamide), poly(lactide-co-

glycolide) and polycaprolactone or modified polymers.

During in vitro culturing of cells in a scaffold, it is necessary to use
scaffolds capable of recreating the in vivo microenvironment in such a way that
they provide biophysical, biomechanical, and biochemical cues that maintains cell
viability, proliferation, differentiation and function. The scaffolds also have to be
porous enough to facilitate nutrient diffusion and oxygen transfer for the survival
of cells (Sultana, 2018). During in vivo applications, the scaffold should also
exhibit biodegradability as well as biocompatibility. Biocompatibility can be
defined as “the ability of an implant material to function in vivo without eliciting
detrimental local or systemic responses in the body”(Ratner, 2011). Therefore,
upon implantation, the scaffolds should degrade either spontaneously or by the
action of biological enzymes without producing toxic byproducts and eliciting
host-immune reaction (Sengupta et al., 2014). The degradation rate must be equal
to or slower than the rate of new tissue formation to ensure appropriate tissue
healing.

Natural biomaterials often contain specific protein-binding sites and thus
encourages cell adhesion, migration, proliferation, and differentiation. They also

show excellent biocompatibility, biodegradability, and remodeling capacity
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(Joyce et al.,, 2021). Currently, liver tissue engineering makes extensive use of
natural biomaterials. The mechanical properties of the scaffolds are also important
in LTE as they offer structural support to create the ideal environment for cell
loading and tissue development, ultimately promoting liver regeneration. The
mechanical properties of natural polymers are often constrained. So, natural
polymers mixed with other natural or synthetic polymers are numerous are also

been studied for the generation of appropriate tissue engineering scaffolds.

2.2 Approaches in LTE for clinical application

The presence of functional hepatocytes with effective nutrient transport
and secretion of essential hepatic factors, such as albumin and coagulation factors,
within the engineered hepatic tissue is a critical requirement for the development
of a therapeutic product for the treatment of liver failure. It is necessary for the
transplanted engineered tissue to survive for a long time inside the host. Diverse
methodologies can be employed to generate engineered hepatic tissues such as cell
encapsulation, cell sheet, microfluidic, bio assembly, 3D bioprinting (Mazza et al.,

2018).

2.2.1 Cell encapsulation

Encapsulation method is the embedding of cells in a semipermeable
polymerized structure, which aims to shield them from host immune attack while
allowing the diffusion of nutrients, oxygen, and metabolic products that enables
cell function and survival (Heydari et al, 2020a). Encapsulated hepatocyte

transplantation and encapsulated mesenchymal stem cell transplantation are both
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new potential treatments for acute and chronic liver diseases. Researchers found
that intraperitoneal transplantation of rat hepatocytes in an alginate capsule could
provide enough metabolic support to save animal models of acute liver failure for
up to 7 days without immunosuppression (Jitraruch et al., 2014). Even in small
infant’s intraperitoneal infusion of micro-encapsulated cryopreserved human
hepatocytes in ultrapure GMP grade alginate was found to be feasible and safe in
children with acute liver failure (Dhawan et al., 2020). There are studies that
reports human stellate cells co-cultured with human induced pluripotent stem cell-
derived hepatocyte-like cells (IPSC-HLC) and enclosed in alginate beads remained
in immunocompetent mice for 24 days without any immune rejection. Despite the
fact that alginate is biocompatible, biodegradable, and non-toxic it has a number
of drawbacks, including low bio adhesivity and biological inertness, which restrict
its applications in tissue engineering. Alginate is obtained from brown seaweed or
bacteria so it is challenging to separate pure alginate from tainted marine algae and
so additional purification steps are necessary to remove impurities, and they are

costly and time-consuming (Labowska et al., 2021).

In another study, chitosan/silk fibroin hydrogels, crosslinked with genipin
was evaluated for the development of 3D vehicle for the delivery of hepatocytes
in cell therapy (Gholami et al., 2023). However, more studies are required to
advance the cell encapsulation method, including more research in various liver
disease models, a decrease and modification of the fibrogenesis response during

inflammation, and an enhancement of neovascularization through model structure.

35



2.2.2 Cell sheet engineering

Cell sheet engineering is an advanced scaffold-free cell-based tissue
engineering technique which is used to generate transplantable single or multi-
layered cell-dense sheets to achieve tissue repair and regeneration (PATIL et al.,
2024). In cell sheet-based tissue engineering, cell sheets are separated from
temperature-responsive culture dishes. In thermosensitive culture dishes,
temperature sensitive polymers are covalently grafted on the surface of culture
dishes and when the culture temperature is lowered, cultured cells are detached
from the surface and harvested as an intact monolayer which can directly applied
for therapeutic use. This technology allows us to prepare transplantable tissue
constructs while preserving intact cell-cell junctions and extracellular matrices
without the need for enzymatic digestion of the cells (Tatsumi and Okano, 2017).
A study showed that mice with acute liver damage from carbon tetrachloride were
successfully treated with the transplant of hepatocyte-like cells derived from
induced pluripotent stem cells (iPS-HLC) sheets onto their liver surfaces
(Nagamoto et al, 2016). Sakai et al.,, have successfully achieved therapeutic
effects in animal models by performing hepatocyte sheet transplantation into
ectopic sites (such as the subcutaneous space) and suggests the use of
subcutaneous hepatocyte sheets for the treatment of different liver conditions as a
desirable option (Sakai et al., 2015). Orthotopic transplantation of hepatic cell
sheets created from differentiated human mesenchymal stems was shown to be
therapeutically effective on mice with acute liver injury. The rate of cell survival
was significantly increased after the cell sheets were transplanted, which improved

liver regeneration and reduced liver damage (Itaba et al., 2019).

36



Although the majority of the current findings come from studies using
rodent models, attempts using large animal models and subsequent clinical trials
are necessary to determine whether transplantation of cell sheets made of
hepatocytes or hepatocyte-like cells is feasible as a therapeutic approach for

treating liver diseases.

2.2.3 Decellularization-recellularization method

The engineering of whole organs has been impeded by the lack of an
adequate scaffold. A strategy for whole organ tissue engineering that has gained
popularity recently is decellularization-recellularization method. Decellularization
is the process by which cells are removed from tissues/organs, but all of the
essential cues for cell preservation and homeostasis are retained in a three-
dimensional structure of the organ (Fu et al., 2014). Thus, retaining extracellular
matrices of structural and functional proteins that are unique to that organ offer
essential microenvironments that promote organ regeneration. Decellularized
ECMs also maintain the native organs original vascular network structures which
allows the tissue to be connected directly to the patient's vasculature during
transplantation, allowing for immediate circulation and delivery of nutrients and
oxygen (Mazza et al., 2018). The most dependable technique for obtaining
decellularized whole-organ scaffolds for use as structures in organ bioengineering
is perfusion-decellularization (Guyette ef al., 2014). Decellularized ECM-derived
scaffolds have been used by researchers to make transplantable organ grafts for
liver, lung, kidney, and heart. For the decellularized scaffold to perform functions,

they need to be repopulated with functional cells. During recellularization, after
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seeding cells into the decellularized liver matrix, the neo-organ matures in the
bioreactor, and bioengineered graft can be implanted without the need for lifelong
immunosuppressive therapy. Studies shows that recellularized liver graft exhibited
liver specific functions compared to normal liver in vitro. Also, it was
demonstrated that recellularized liver when implanted into rat liver showed
hepatocyte survival and minimal ischemic damage (Uygun et al., 2010). In another
study, a humanized porcine liver was developed using decellularized porcine liver
and co-cultured human foetal hepatocytes, and human foetal stellate cells.
Immunohistochemical analysis demonstrated the differentiation of cells into
mature hepatocytes. Also, it was observed that 40% of the transplanted cells were
undergoing active proliferation, while a minority of less than 30% exhibited signs
of apoptosis (Barakat et al, 2012). Using large animal model with liver
dysfunction, a recent study showed the long-term utility of decellularized liver
scaffolds for regenerative therapy. This was the first study showing the clinical
value of this novel strategy by examining the functions of engineered liver grafts
post-transplant for 28 days in a preclinical large animal model (Higashi et al.,
2022). However, more research is required to confirm the technique's clinically
relevant safety and efficacy before it can be used as a substitute for organ donation

and to lessen the burden of ongoing immunosuppressive therapy.

2.2.4 Bioassembly

In traditional tissue engineering method, the cells are seeded on already
fabricated biomimetic scaffolds and it results in a heterogeneous tissue with an

uneven cell distribution. So, it is necessary to produce constructs that more
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accurately mimic the complexity and heterogeneity of tissues and organs.
Biofabrication is “the automated generation of structurally organized,
biologically functional products from living cells, bioactive molecules,
biomaterials, cell aggregates such as microtissues or hybrid cell- material
constructs through bioprinting or bioassembly, and subsequent tissue maturation
processes” (Groll et al., 2018). Bioassembly enables the automated assembly of
cell-containing building blocks. The ability of cells to self-assemble is required for
directed tissue self-assembly. Spheroids are frequently used as building blocks for
the biofabrication of living tissues where spheroids when placed close together,
they self-fuse in an almost liquid-like manner. As a result, the use of spheroids for
self-assembling and self-organized tissue fabrication appears promising. A
scaffold-free approach can avoid several issues that are connected to the use of
exogenous materials in scaffold-based tissue engineering approaches, such as
infection, immune reactions, material deterioration, and biofilm formation.
According to reports, using the acoustic bioassembly technique, researchers
constructed a scaffold-free hexagonal cytoarchitectures in vitro to mimic the cord
and sinusoid structures found in hepatic lobules using endothelial cells and liver
spheroids made from human induced pluripotent stem cells and it has the potential
to be widely used in tissue engineering and regenerative medicine (Gu et al.,
2022). In another study, researchers used a needle array method to fuse hundreds
of liver bud-like spheroids and created scaffold-free liver-like tissue which was
then transplanted on rat liver and the engraftment of biofabricated tissue was
evaluated. The findings support the notion that orthotopic transplantation of

biofabricated tissue creates an environment that is favorable for liver tissue
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engraftment and demonstrate a novel method of cell-based therapy that may result

in liver tissue transplantation (Yanagi et al., 2017).

2.2.5 3D Bioprinting

3D bioprinting is a promising technology that allows for highly precise and
controlled fabrication of functional living tissue in vitro by controlling the
deposition of cells and biomaterials (Lu ef al., 2021). In 3D Bioprinting process,
it combines 3D printing technology, cell biology and material science to create
tissue constructs resembling native tissues. Charles W. Hull first described the
field of 3D printing as “stereolithography” (STL) in 1986. In this method, solid
3D structures were created using photochemical processes by layering thin layers
of a material. Since 1990s, the scaffolds for tissue engineering have been prepared
with sacrificial resin molds by STL. With the advancement in 3D printing
technology and material science, 3D bioprinting was emerged as a technique for
fabricating functional tissues. When compared with conventional scaffold based
TE approaches where cells are seed on prefabricated scaffolds, 3D bioprinting is
better to mimic the complex microstructures of biological tissues with precise
distribution of cells (Zhang et al., 2021). Furthermore, it gives the opportunity to
achieve high initial cell densities and distribute various cell types at desired
locations within the bioprinted construct (Kryou et al., 2019).

The three distinct steps of three-dimensional bioprinting process are
preprocessing, processing, and postprocessing (Figure 5). In preprocessing phase,
a 3D model of the tissue or organ is designed using computer aided designing

software (CAD) based on the medical images of the damaged tissue or organ. The
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processing phase includes the development of an ideal bioink formulation and
effective bioprinting of tissues with desired properties. Finally, in the
postprocessing phase, after in vitro tissue maturation, the bioprinted constructs

will be characterized and used for further applications (Pai et al., 2022b).
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Postprocessing phase
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Figure 5. Schematic of 3D bioprinting workflow. Adapted from (Pai et al.,
2022b)

There are different bioprinting technologies based on the working
principle, and the main bioprinting techniques are extrusion, inkjet, and laser-
induced forward transfer (LIFT) is shown in Figure 6. Studies have shown that
extrusion based bioprinting is the predominant technique for the bioprinting of
liver models (Ali et al., 2024). With the advent of bioprinting, the creation of
functional tissue livers has become a near-certainty (Kryou et al., 2019). Three-
dimensional hepatic cell culture, which can produce complex cell structures,
shapes, and arrangements, can greatly improve experiment precision and

reliability.
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Figure 6. Different types of bioprinting technologies. (a) Extrusion based
bioprinting, (b) Inkjet bioprinting and (c) Laser-assisted bioprinting. Adapted
from (Anupama Sekar et al., 2021)

There have been numerous studies reported on the fabrication of
bioprinted liver tissues with efficient in vitro and in vivo functions. Nguyen et al.,
have shown that a 3D bioprinted human liver tissue generated using extrusion
bioprinter was stable and exhibited liver specific functions for 28 days. The study
also demonstrated a multicellular liver structure that included hepatocytes, hepatic
stellates, and endothelial cells (Deborah G. Nguyenl*, 2016). In a study
conducted by Bhise ef al., a bioprinted liver tissue with improved liver-specific
functionalities and gene expression, as well as drug response comparable to in vivo
animal studies were reported (Bhise et al., 2016). The studies on efficacy
evaluation of bioprinted liver after transplantation into animal models also
demonstrated that transplanted group had improved liver function compared to the

control group and had a longer survival time, indicating the efficiency of 3D
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bioprinting for liver function reconstruction and liver tissue regeneration (Zhong
et al., 2016, Yang et al., 2021). Therefore, 3D Bioprinting technology provides a

strong biofabrication platform for generating complex and functional liver tissues.

2.2.6 Bioinks

Bioink is one the main element in the 3D bioprinting process that plays a
significant role in the successful bioprinting of tissues. Aqueous formulations of
polymers or hydrogel precursors that contain cells and biological factors
constitutes a bioink. In this regard Groll ef al., defined bioink as “a formulation of
cells suitable for processing by an automated biofabrication technology that may
also contain biologically active components and biomaterials” (Groll et al., 2018).
Therefore, in a bioink formulation, cells are the major constituent and the
biomaterial provides physical and chemical cues for efficient functioning of the
bioprinted tissue. Thus, the selection of an appropriate bioink with certain
properties is essential for the biofabrication of functional tissues by bioprinting.
Among the different forms of biomaterials, hydrogels are considered as the most

suitable biomaterial for bioink formulation.

Hydrogels are three-dimensional network of crosslinked hydrophilic
polymers. It can absorb and hold large amount of water and thereby they are
capable of mimicking the native extracellular matrix environment. Hydrogels can
be natural or synthetic polymers based on origin. In liver, it is composed of protein
and polysaccharide-based ECM, so natural hydrogels mimicking the ECM

components can have a significant impact on promoting liver cell growth in vitro
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and are better suitable for reestablishing the cellular microenvironment in vivo (Lv

et al., 2022).

Table 1: Bioinks used in the 3D bioprinting of liver tissues

Cells Biomaterial References
HepG2/C3A GelMA (Bhise et al.,
2016)
hiPSC, hematopoietic
progenitor cells (HPCs), GelMA (Maet al., 2016)
HUVEC, and adipose-derived
stem cells
Human adipose-derived stem | Collagen (Lee et al.,, 2017)
cells (hASCs)
HepG2 Alginate (Jeon et al., 2017)
HUVECs and HepG2 Glycidal methacrylate- | (Zhu et al.,, 2017)
hyaluronic acid (GM-
HA)
HepaRG and human HSCs Gelatin + PEG (Grix et al., 2018)
HepG2 Liver dECM + GeIMA | (Ma et al., 2018)
HepG2 and NIH/3T3 GelMA (Cui et al., 2019)
fibroblast

Natural polymers include collagen, alginate, gelatin, cellulose, hyaluronic

acid, fibrin and so on. Since decellularized ECM retains the intrinsic cues of a

native tissue, it is also considered as an excellent source of bioink. Studies on

synthetic polymers (polyethylene glycol (PEG), Pluronic) are also been reported.

However, natural polymers exhibit poor mechanical strength and synthetic

polymers lack native ECM characteristics, so natural polymers are modified with

chemical moieties (e.g. GelMA) and synthetic polymers are functionalized with

bioactive sites (e.g. PEG-RGD). Bioinks composed of multicomponent (two or

more biomaterials) are also frequently studied to address the limitation in physical

and biological performance of individual biomaterials (Kim et al., 2022).
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2.3 Evaluation of bioinks

The formulation of a bioink is a crucial step in 3D bioprinting and the
formulated bioink must be evaluated to ensure that it meets the necessary
requirements. The properties of bioink can affect the stability and structural
integrity of the final construct. The maintenance of cell survival during pre-
printing, printing and post-printing process should also be ensured by the
properties of the bioink (Jose ef al., 2024). Therefore, an ideal bioink formulation
should possess certain physiochemical and biological properties, such as
printability, mechanical properties, biocompatibility, biomimicry, and
biodegradability for the successful application of a bioprinted construct

(Ashammakhi et al., 2019).

2.3.1 Printability

According to Murphy and Atala, printability is defined as “the properties
that facilitate handling and deposition by the bioprinter” (Murphy and Atala,
2014). During 3D bioprinting, bioinks are precisely deposited in a layer-by-layer
manner and printability of the bioink is the key component of this process. The
rheological properties and crosslinking mechanism of the hydrogel along with the
printing conditions are the factors that influences the bioink’s printability (Zhang
et al., 2018). In extrusion bioprinting, the printing conditions that can affect
printability includes feed rate, pressure, path design, nozzle height, temperature
etc. (Gillispie et al., 2020) . In case of bioinks, before printing begins, they are in
a resting state and then undergoes a transition to a high shear condition while

passing through the nozzle, takes a new shape, and finally reaches a new resting
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state and regain its stability after printing (Zhang et al., 2018). In order to achieve
this, a bioink should exhibit good thixotropic property and shear thinning behavior,
which enable the bioink to decrease in viscosity when dispensed with a sufficient
shear rate (Zhang et al., 2018). This properties of bioink also helps in reducing the
shear stress exerted on cells in the bioink as they pass through the narrow orifice
of the nozzle during bioprinting and thus protects the cells from damage during
printing (Holzl et al., 2016). The key rheological properties influencing the bioink
transition during printing are viscosity, viscoelastic shear moduli, elastic recovery,
and shear stress (Bom et al.,, 2022). The analyzes of rheological properties by
rheometer is considered as a preliminary step in assessing printability and helps to
determine a bioink’s ability to print and also to optimize ideal printing conditions
(e.g. printing temperature).

The basic requirement to achieve printability is extrusion. Therefore,
printability is evaluated by analyzing filament extrusion, filament uniformity,
filament shape, filament fusion, filament collapse and the ability to print sharp
angles and maintain structural integrity (Schwab et al., 2020). The ideal bioink
formulationis expected to form continuous stable filaments rather than droplets
during extrusion. After analyzing the deposition of filaments, it is necessary to
evaluate shape fidelity of printed patterns. Shape fidelity refers to the shape
retention of extruded single-layer filaments as well as the printed whole construct
in such a way that final printed construct resembles the CAD model (Schwab et
al., 2020). Shape fidelity of the construct is also necessary to maintain the
microchannel patterns designed within the constructs to facilitate oxygen transfer,
nutrient diffusion, and the removal of metabolic waste (Gillispie et al., 2020). In
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order to achieve shape fidelity, deposited filaments should not collapse or fuse
together and printed layers should stack without merging. The most commonly
used mechanism to preserve the shape and structural integrity of the printed
construct is through crosslinking of the bioink referred to as Hydrogel fixation

(Holzl et al., 2016) (Schwab et al., 2020) .

2.3.2 Crosslinking mechanisms of hydrogel precursors

Depending on the nature of the polymeric backbone and functional groups
present in the prepolymer, hydrogel bioinks can be crosslinked using various
methods that can be chemical, physical, enzymatic or a combination of them.
Physical crosslinking includes thermocondensation, self-assembly, ionic gelation,
or electrostatic interaction. A common example for ionic crosslinking is the use of
Ca?" ions for crosslinking sodium alginate (Ashammakhi et al., 2019). Hydrogels
that have been physically crosslinked usually show poor mechanical stability. So,
polymers have been modified with chemical functionalities to enhance the
hydrogel mechanical strength by forming covalent crosslinks, leading to
irreversible crosslinked network (Holzl ef al., 2016). Photo-crosslinking is a type
of chemical crosslinking that is initiated by light (UV/Visible) in presence of
photoinitiator and allows the formation of stable hydrogels. One of the widely used
method for modifying polymers is by methacrylation. In natural polymers, they
contain primary amino groups which are reacted with methacrylic anhydride
(MAA) to add methacrylate group (MA) to the molecule. So, under the exposure
of light and the presence of photoinitiator that absorbs light of specific wavelength

initiates radical formation. These radicals then interact with the functional group
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in the monomer and form covalent bond between the monomers and thereby
polymerization occurs. Thus, methacrylate modification allows formation of
stable crosslinked hydrogels through free-radical initiated polymerization (Moon

et al., 2023).

Gelatin, a collagen derivative is one of the widely studied biomaterial for
hepatic bioprinting as it provides ECM like microenvironment. However, the lack
of thermal stability at physiological temperature has limited its application in the
development of bioink. Therefore, gelatin modified with methacrylate results in
the formation of GeIMA that can undergo photo-crosslinking under UV exposure
in presence of photoinitiators like Irgacure 2959, LAP and form irreversible stable
hydrogels (Yue et al., 2015a). The schematic of the synthesis of GelMA and
crosslinking in shown in Figure 7. In some cases, a two-step polymerization
strategy is also preferred to obtain a stable bioprinted construct. It has been
reported that by adding gelatin along with GeIMA in bioink formulation, a two-
step cross-linking combining the rapid and reversible thermo-crosslinking of
gelatin with irreversible photo-crosslinking of GelMA has improved the shape

fidelity of bioprinted construct (Yin ef al., 2018).
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Figure 7. Synthesis and photo-crosslinking of GeIMA under UV exposure in
presence of photoinitiator. Reproduced with permission from (Zennifer et al.,
2022)

2.3.3 Biocompatibility

The biocompatibility of a bioink for 3D bioprinting can be referred to as
the ability of bioink to effectively perform its intended function, with appropriate
cell activities such as viability, adhesion, proliferation, and differentiation to aid
tissue regeneration without eliciting any negative effect in the recipient host (Kim,
2023). Therefore, the bioink components has to be non-toxic, non-immunogenic,
non-thrombogenic, non-carcinogenic, and non-mutagenic in order to exhibit an
appropriate biological response (Parak et al., 2019). Thus, the biocompatibility
evaluation is a critical step in bioink development, as it determines the whether a

bioink can be used for in vivo applications.

The biocompatibility of the bioink can be assessed with a series of
standardized in vitro assays and then proceeding to a stringent set of standardized

in vivo tests and finally with clinical trials by which the information about the
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potential for adverse reactions, such as inflammation, infection, cellular responses
to the matrices, and tissue damage can be obtained. The in vitro and in vivo
response of the biomaterial can be evaluated based on the International
Organization for Standards (ISO), Standard 10993, Biological Evaluation of
Medical Devices. The ISO 10993 is the most extensive and standardized document
available intended to provide international standards and methodologies to
evaluate biomedical materials and devices. The ultimate goal of biocompatibility
evaluation is to ensure the bioink is safe and effective for intended application

(Kim, 2023).

2.3.3.1 Invitro evaluation

In addition to the printing conditions, the components of the bioink
(concentration of polymers and photoinitiators) and the crosslinking mechanism
utilized for stabilizing the printed construct can cause impact on the cell viability
and thereby the functionality of the bioprinted construct. The hydrophobic nature
of photoinitiators (PI) allows them to pass through the cell membrane and induce
cytotoxicity. In a study conducted by Bryant et al. the viability of NIH/3T3
fibroblast cells in the presence of various photoinitiators, it was observed that
among the three PIs studied, Irgacure 2959 exhibited least toxicity due to its
relative polar nature when compared with Irgacure 184 and Irgacure 651 (Bryant
et al, 2000). The intrinsic toxicity of PI can be reduced by lowering its
concentration; however, in order to produce hydrogels with good stability, either
light intensity or UV exposure time has to be increased. But, increasing the light

intensity or crosslinking time, could led to the increase in the free radicals
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produced during crosslinking which are potentially cytotoxic and mutagenic (Lee
et al., 2020). Therefore, to qualify any formulation for use as a bioink, it is essential

to confirm its cytocompatibility.

Cytotoxicity and cell viability assays have been used as the screening
method to verify the cytocompatibility of the biomaterial used in the bioink. The
in vitro cytotoxicity of the material can be evaluated based on ISO10993: Part 5
and there are three primary in vitro assays; (1) the agar diffusion test, (2) the direct
contact test and (3) the elution, or extract dilution assay (Kim, 2023). The changes
in the cell morphology and viability followed by direct contact with crosslinked
hydrogel or treatment with hydrogel extracts are assessed to determine the

cytotoxicity of hydrogel.

The viability of the cells in the bioink after bioprinting and crosslinking
can be qualitatively and quantitatively assessed using various assays commonly
used for hydrogels such as alamar blue, lactate dehydrogenase (LDH), Trypan
Blue (TB), and live/dead (FDA/PI, CaAM/EthD-1) assay. The adhesion,
proliferation, differentiation of the cells when encapsulated in the bioink
formulation also has to be evaluated for determining the biological properties of

the hydrogel.

2.3.3.2 Invivo evaluation

An invivo study involves testing within a living organism. The
biocompatibility of the hydrogel used in the bioink can be evaluated by
implantation in animal models. Based on ISO 10993: Part-6 which specifies test

methods for the assessment of the local effects after implantation of biomaterials

51



intended for use in medical devices, the hydrogel can be assessed for its
biocompatibility (J ef al., 2023). Implantation tests assess the local pathological

effects on the tissue at the implantation site.

In a bioink evaluation, upon hydrogel implantation, an interaction between
the host immune system and the implant occurs, leading to biomaterial-specific
cellular and tissue responses. These responses may include inflammatory, wound
healing responses, immunological and foreign-body reactions, and even fibrous
encapsulation (Anderson et al., 2008). In implantation study, the main aim is to
evaluate the hydrogel integration into the host tissue, biodegradation and the
resulting tissue response. The local effects at the implantation site are evaluated
by comparing the tissue response at implant site of the test material to that of a
control material with established clinical acceptability and biocompatibility
characteristics (Sastri, 2014). The most basic evaluation of the local pathological
effects is carried out at both the gross level and the microscopic level. The
biological responses at the implantation site are assessed by histological
evaluation. Therefore, it is necessary to formulate bioink with ideal properties for
the successful bioprinting of tissue constructs and their subsequent success in

applications.
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Chapter 3

MATERIALS AND METHODS

3.1 Synthesis and characterization of Gelatin Methacrylamide

3.1.1 Gelatin Methacrylamide synthesis

Gelatin Methacrylamide (GelMA) was synthesized by functionalizing
gelatin with methacrylic anhydride in carbonate-bicarbonate (CB) buffer, based
on previous reports (Zhu et al., 2019, Pai et al., 2022a). The synthesis of GeIMA
involves three steps: (i) Functionalization, (ii) Purification and (iii) Drying.

The CB buffer (0.1M) was prepared by dissolving 1.59 g of Sodium
carbonate and 2.93 g of Sodium bicarbonate in 500 mL of milliQ water. To
synthesize GelMA, 20 g of Type A porcine skin gelatin with a bloom value of 175
(Merck-Sigma, Cat. No. G-2625, Germany) was dissolved in 200 mL of CB buffer
(pH 10.5) at 60 °C with stirring on a hotplate with magnetic stirrer. The
temperature was then lowered to 50 °C and 2 mL of methacrylic anhydride (MAA:
Merck-Sigma, Cat. #276685, Germany) was sequentially added in a step wise
manner to the dissolved gelatin while stirring at 300 rpm (i.e., 334 pL at an interval
of 30 min for 3 h). The pH of the reaction mixture was checked using pH paper
before each MAA addition and if the pH<9, the pH was adjusted to 9 with CB
buffer. At the end of the reaction, the pH of the GeIMA solution was checked to

ensure it is in the range of 7.4.
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For purifying the synthesized GeIMA solution and remove any unreacted
MAA and short chain polymers, the resulting GeIMA solution was transferred to
dialysis tubing with a molecular weight cut-off of 12-14 kDa (Merck-Sigma, Cat.
No. D9652, Germany). The GelMA solution was then dialyzed against water at 40
°C along with stirring at 150 rpm for 4 days with distilled water change twice every

day with an interval of 6-8 h.

Finally, the dialyzed GeIMA was freeze-dried continuously for 2 days in a
lyophilizer (CHRIST, Alpha 1-2 LD plus, Germany) at -80 °C. The weight of the
dried GeIMA was measured and percentage yield was calculated. The lyophilized
polymer (GelMA) was stored at room temperature until further use. The GelMA
synthesis efficiency was determined by calculating the percentage yield achieved

in various batches.

Final dry wt of GelMA

Yield %=
eld % Initial dry wt of Gelatin

X100 i Equation 1

3.1.2 Degree of functionalization

The degree of functionalization (DoF) was estimated by two assays:
Ninhydrin and 2,4,6-Trinitrobenzene Sulfonic Acid (TNBSA) method. Linear
concentrations of gelatin 10, 8, 6, 4, 2% (w/v) was used as standard for Ninhydrin
assay and concentration of 8, 16, 32, 64, 128 and 256 pg/mL Glycine was used to

prepare standard for TNBSA assay.

In Ninhydrin assay, both gelatin and GeIMA samples at a concentration of
10% (w/v) was prepared by dissolving in deionized water at 60°C. The gelatin

solution was then diluted in water to prepare standard solutions of concentrations
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(8%, 6%, 4%, and 2% w/v). Ninhydrin solution was prepared by dissolving 2.5
mg ninhydrin in a mixture of 0.5 M sodium citrate monobasic: glycerol at a 1: 2
ratios. 150 uL of water (Blank), GeIMA sample and Gelatin standard solutions
were transferred to prelabelled 1.5mL tubes and to that 850 puL of ninhydrin
solution was added. The mixture was then incubated at 50 °C for 12 mins. After
cooling to room temperature, 200 pL of the solution from each tube was
transferred to a 96-well plate. The absorbance of the sample and standards were
measured at 570 nm using a multi-well plate spectrophotometer (Biotek, Model#
Powerwave XS, USA). A linear regression line was drawn using the absorbance
values obtained from standards. The concentration of unreacted groups in GelMA
was calculated using the absorbance obtained for a gelatin concentration of X% in
the standard curve. The DoF was calculated as 100-X %, considering that the
reduction in absorbance was due to functionalization of free amino group by

methacrylation.

In TNBSA assay, the degree of functionalization (DoF) was defined as the
percentage of amino groups (from lysine and hydroxylysine) modified in GeIMA.
To calculate the amino group content in the GelMA samples, glycine standard
curve was plotted using standard glycine solutions prepared at concentrations of
8, 16, 32, 64, 128 and 256 pg/mL in 0.1M Sodium bicarbonate solution. Gelatin
and GelMA samples at a concentration of 1.6 mg/mL was prepared by dissolving
in 0.IM Sodium bicarbonate buffer. 125 pL of glycine standards, gelatin and
GelMA was transferred into labelled test tubes and 125 pL of 0.1M Sodium
bicarbonate alone was transferred into tube labelled as blank. Then 125 pL of
0.01% TNBSA was added into each tube except in blank. The tubes were
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incubated at 60 °C for 3h. After incubation, 62.5 uL of 1N Hydrochloric acid was
added into each tube and only after addition of HCI, 125 puL of 0.01% TNBSA
was added into blank tube. For absorbance measurements, 200 uL from each tube
was transferred into a 96-well plate and absorbance was measured at 340 nm with
a microwell plate reader (Biotek, USA). A linear regression line was drawn using
the absorbance values obtained from glycine standards. The absorbance at 340 nm
corresponds to the concentration of free amine groups; any reduction in free amine
concentration is assumed to be due to methacrylamide functionalization. The
absorbance of GeIMA and gelatin corresponds to glycine concentration was
calculated from the standard curve and the degree of functionalization was then

calculated as (100-X) %.

3.1.3 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR)

'H NMR analysis was performed to confirm the functionalization of
gelatin with MAA. 10 mg each of gelatin and GelMA was dissolved in 1 mL
deuterium oxide (D>O) by heating in a water bath at 40 °C. After complete
dissolution, the polymer solutions were transferred into glass tubes. The NMR
spectrum was obtained using a Bruker Avance 400 MHz FT-NMR spectrometer

(Germany).

3.1.4 Photocrosslinkability of GeIlMA

Three different concentrations (3%, 4%, and 5% w/v) of GelMA hydrogel
precursor solution were prepared by dissolving specific amount of lyophilized

polymer in 1X PBS (0.01M, pH 7.4) (Takara, Cat# T9181) at a temperature of
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37 °C. A photoinitiator solution of concentration of 5% w/v Irgacure-2959 (2-
Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone) (Merck-Sigma,
Germany) was prepared in PBS by heating in a water bath at 80 °C, and was added
to the polymer solution to achieve a final concentration of 0.5% (w/v). The
solution was thoroughly mixed by continuous pipetting, and approximately 200
uL of each GeIMA solution was transferred to a custom-made Teflon mold with
cavities to cast samples of dimensions 10 x 2 mm. The hydrogel precursor solution
was then exposed to UV light of 365 nm at intensity of 8—12 mW/cm?. Finally, the

crosslinked hydrogels were taken out and their morphology was examined.

To further investigate the photo-polymerization of 3, 4 and 5% GelMA
formulations, the samples were exposed to a 365 nm UV light source Omnicure
1000 (Lumen Dynamix LDGI) at 20 °C under a constant shear strain of 1%, and
the variation in storage modulus was recorded for up to 200 s in a modular compact
rheometer (Physica MCR 301, Anton Paar, Germany) with a parallel plate PP25

and a measuring distance of 0.5mm.

3.1.5 Water content of GelMA hydrogel

The 5% GelMA solution was prepared by dissolving 250 mg of GeIMA in
4.5 mL of PBS and adding 0.5mL of 5% (w/v) Irgacure-2959. Using custom-made
Teflon mold to cast samples of dimensions 10 x 2 mm, GelMA hydrogel discs
(n=3) were prepared and the hydrogels were then subjected to lyophilization, and
the dry weight (W4) was noted using Sartorius electronic balance (model BSA
4202S-CW, Germany). Subsequently, the hydrogel was transferred to a 12-well

plate and incubated in ImL of PBS at 37 °C for 24 h under sterile conditions. The
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samples were taken from the well and any excess liquid was blotted, and the wet
weight (Ws) was measured to determine the water content of the hydrogel. The

water content (%) in 5 % GelMA hydrogel was calculated using equation

Water content % = w X 100 Equation 2

3.1.6 Stability analysis of GelMA hydrogel

The stability analysis was conducted under sterile conditions to avoid
degradation of test samples by microbial contamination. The 5% GelMA hydrogel
discs were prepared using custom made Teflon mold as previously described. The
hydrogel samples (n=3) were lyophilized and the dry weight (W) was noted. The
lyophilized samples were transferred to 1 mL PBS taken in 12-well plate and
incubated at 37 °C for the durations of days 1, 3, and 7. The hydrogel samples on
days 1, 3 and 7 were lyophilized and noted dry weight (W;). The weight loss in
percentage of 5 % GelMA hydrogels were calculated using the equation given

below.

Weight loss% = Wiv;th X 100 i Equation 3

3.1.7 Sterilization of GelMA

Lyophilized GeIMA samples were cut into small pieces and packed in
Medical grade EtO sterilizer rolls (250mg/pack) and sterilized by passing Ethylene
Oxide gas (3M Steri-Vac™ Sterilizer/Aerator Model 8XL) at 37 °C. After the
sterilization process, the GeIMA samples were analyzed for the presence of EtO
residues using Gas Chromatography (GC). To do this, the GeIMA samples were
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carefully weighed and placed in clean headspace vials containing 2 mL of
deionized water. The vials were securely sealed and incubated at a temperature of
37 °C for a duration of 4 h to allow for extraction of any remaining EtO. Once the
extraction was complete, the vials were subjected to GC analysis. The peak area
of EtO at a room temperature of 3 min is integrated and quantified by comparing
with the peak area of known concentrations of the certified reference material

(2000 pg/mL of EtO in Dichloromethane).

The ability of GeIMA to solubilize and retain its crosslinking property even
after EtO sterilization was also examined using the tube invert method (Komeri et
al., 2017). A 15 mL glass vial containing 3 mL of 5% GeIMA prepared in serum
free media and containing 0.5% Irgacure2959 were exposed to UV light with a
wavelength of 365 nm. The vial was then inverted every 60 s to observe the flow.
The cessation of flow on vial inversion was used to confirm the crosslinkability of

GelMA.

3.2 Rheological property of GelMA solution

The GelMA solution of 5% (w/v) was prepared by dissolving 500 mg of
lyophilized polymer in 9 mL serum free media (Minimal Essential Media,
Glutamine, Sodium bicarbonate, Pen-strep) at a temperature of 37 °C. The
photoinitiator, Irgacure-2959 at a concentration of 5% (w/v) was prepared in PBS
by heating in a water bath at 80 °C, and from that 1 mL was added to the GeIMA
solution. The solution was thoroughly mixed by pipetting and incubated at 37 °C

until analysis. The rheological properties were analyzed using a rheometer
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(Physica MCR 301, Anton Paar, Germany) using a parallel plate with geometry of

25 mm diameter and at a measuring distance of 0.5 mm.

Temperature sweep test of GelMA solution were performed. The sol-gel
transition of 5% GelMA was studied by conducting a temperature sweep test in
rotational mode. Approximately 0.4 mL of 5% (w/v) GelMA was placed between
the parallel plates at 0.5 mm space. The temperature of the sample stage was
gradually reduced from 20 °C to 8 °C at a rate of -1°C per minute. The viscosity
of the solution was measured at 1 min interval when the temperature of the sample
was reduced to -1°C. The specific temperature at which gelation occurred was
determined by analyzing the log viscosity verses temperature curve using
GraphPad Prism Version 9.0 software (GraphPad Software Inc, San Diego, CA,

USA).

3.3 Formulation of GelMA-Gelatin (GelMA-G) polymer solution

The GelMA-gelatin polymer solution was prepared by dissolving 500 mg
GelMA and 300 mg gelatin in 9 mL MEM serum free media at 37 °C by incubating
in a water bath. A stock concentration of 5% (w/v) Irgacure-2959 was prepared in
PBS by heating in a water bath at 80 °C and from that solution, 1 mL was added
to the polymer solution. Thus, the bioink formulation comprising of 5% GelMA,
3% gelatin and 0.5% Irgacure 2959 denoted as GelMA-G were used for further

analysis.
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3.4 Rheological properties of GelMA-G formulation

3.4.1 Temperature sweep analysis

Temperature sweep tests were conducted to determine the physical
gelation temperature of 5% GelMA with 3% gelatin formulation. The sol-gel
transition of GeIMA-G formulation was studied by conducting a temperature
sweep test in rotational mode. About 0.4 mL of GeIMA-G solution was placed
between the parallel plates at 0.5 mm space and the temperature of the sample
stage was gradually reduced from 24 °C to 8 °C at a rate of -1°C per minute. The
variation in viscosity of the solution with respect the change in temperature was
measured. The specific temperature at which gelation occurred was determined by
analyzing the log viscosity verses temperature curve using GraphPad Prism

Version 9.0 software (GraphPad Software Inc, San Diego, CA, USA).

3.4.2 Dynamic viscosity analysis

The dynamic viscosity analysis helps in determining the shear-thinning
behavior of GelMA-G polymer solution. The test for dynamic viscosity analysis
was performed in rotational mode. About 0.4 mL of sample were placed between
the parallel plates and at constant temperature (20 °C) a dynamic shear rate from
1 to 1000/s was applied for the analysis. Thus, the variation in viscosity of 5%

GelMA-3% gelatin solution with respect to the increase in shear rate was analyzed.

3.4.3 UV curing analysis

The UV curing analysis was performed at 20 °C in the oscillatory mode at

a constant frequency (10 Hz) and strain (1%) to investigate the photo-
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polymerization of GelMA with gelatin formulation. The samples were exposed to
365 nm UV light source Omnicure 1000 (Lumen Dynamix LDGI) and the

variation in storage modulus with respect to UV time was recorded up to 200 s.

3.5 Biological evaluation of GelMA-G formulation

3.5.1 Invitro cytotoxicity evaluation

The cytotoxicity of the GelMA-G formulation was evaluated by direct

contact and an extraction method based on ISO 10993-5, 2009.

3.5.1.1 Culture of L-929 cells

Mouse Fibroblast cells (L-929, ATCC) were maintained in Minimal
Essential Medium (Merck-Sigma, Cat. # M0769, Germany) supplemented with
10% Fetal Bovine Serum (FBS, Gibco, Cat. #10270106, USA) and 1% penicillin-
streptomycin antibiotics (10000 IU Penicillin and 10000 pg/mL Streptomycin,
Gibco, Cat. #15070-063, USA) in a carbon dioxide (CO2) incubator (New
Brunswick, Galaxy 170 S, Canada) set at 37 °C, 5% CO2, and >90% relative
humidity.

The culture media was replaced with fresh medium on alternate days until
sub confluency. The cells were then sub-cultured by trypsin treatment (Trypsin-
EDTA (0.25%), phenol red, Gibco, Cat. #25200056) at a split ratio of 1:2. During
subculturing, the culture media was removed from the culture flask and gently
rinsed the cells with 1X PBS (0.01M, pH 7.4). After discarding PBS, appropriate
volume of pre-warmed Trypsin — EDTA was added and incubated for 3-5 min in

CO2 incubator. The cells were then viewed under microscope to see whether the
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cells are detached from the flask and complete media with double the volume of
trypsin was added into the flask to inactivate trypsin action. The medium
containing cells were collected into a 15mL centrifuge tube and centrifuged at
1500 rpm for 2 min ((Eppendorf 5430R, India). The supernatant was discarded
and the pellet was resuspended in fresh media and transferred into culture flask for

maintenance of cells and seeded onto multi-well plates for cytotoxicity test.

3.5.1.2 Preparation of GelMA-G hydrogel

The GeIMA-G formulation with 5% GelMA, 3% gelatin and 0.5%
Irgacure was prepared as previously described in section 3.3. The GeIMA solution
was transferred to a sterile petri dish of diameter 60 mm. The petridish was then
exposed to UV light of 365 nm for 3 min to crosslink the GeIMA-G solution and
form hydrogel sheets of thickness 2 mm. For the cell culture experiments, GelMA-
G hydrogels were prepared under aseptic conditions. The samples for direct
contact test (disc of diameter =4 mm) and test on extract (disc of diameter = 8§ mm
and height = 2 mm) were prepared by cutting cylindrical discs of required size

from GelMA-G hydrogel sheets using sterile plastic punching tool.

3.5.1.3 Direct contact test

L-929 cell monolayer was trypsinized and the cell suspension were
prepared. The cells were then counted using Neubauer hemocytometer and the cell
suspension was diluted to get cell number of 1x10° cells/mL. The cells were
seeded onto 24 well plate at a concentration of 30,000 cells/well and incubated in

CO; incubator for 24 h. Negative and positive cytotoxic controls used were ultra-

63



high-molecular-weight polyethylene (UHMWPE) and organo-tin stabilized
polyvinyl chloride (PVC) respectively. Triplicate samples of GeIMA-G and
controls were placed on an L-929 monolayer and incubated at 37 °C for a period
of 24 h. The cells surrounding the samples were observed under an inverted phase
contrast microscope (Nikon Eclipse TS2-FL, Japan), and the cytotoxicity was
assessed based on changes in general cell morphology, vacuolization, detachment,

cell lysis and membrane integrity.

Table 2: Cytotoxicity reactivity grading for direct contact test

Grade | Reactivity | Description

0 None No detectable zone around or under specimen

1 Slight Some malformed or degenerated cells under
specimen

2 Mild Zone limited to area under specimen

3 Moderate | Zone extending specimen size up to 0.33 cm

4 Severe Zone extending farther than 0.33 cm beyond
specimen

3.5.1.4 Test on extract and MTT Assay

Cytotoxicity was evaluated by exposing cells to the extract of GeIMA-G
hydrogel. The hydrogel discs were incubated in a shaking incubator (Orbitek,
India) at 37 °C for 24 h with culture medium containing serum, at a ratio of 1.25
cm?/mL. Various dilutions of GeIMA-G neat extract (50%, 25%, and 12.5%) were
obtained by diluting the 100% extract with MEM medium containing FBS. Phenol
prepared by diluting phenol stock solution (13 mg/mL) to 1.3 mg/mL with culture

medium containing serum was used as positive cytotoxic control.

L-929 cells were seeded in a 96-well plate at a density of 1 x 10° cells per

well and allowed to reach sub-confluency. Subsequently, 100 uL of each GeIMA-
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G extract dilution (n=8) was added to L-929 cells. Positive cytotoxic controls were
treated with 100 uL of diluted phenol and cells incubated in normal culture
medium were considered as cell control. After 24 h of incubation, the response of
the cells to the extract treatment was analyzed under an inverted phase contrast
microscope (Nikon Eclipse TS2-FL, Japan). The viability of cells exposed to
extract was determined using the MTT assay. After incubating cells for 24 h, the
extract and control media were replaced with 50 pL of MTT solution (1 mg/mL in
serum-free MEM) (Merck-Sigma, Germany). The cells were then incubated at 37
°C in a COz incubator for 2h. The MTT solution was then replaced with 150 puL
isopropanol and the plate was thoroughly shaken to dissolve the formazan crystal.
The absorbance was measured at 570 nm using a multi-well plate reader (Biotek,
Powerwave XS, USA). The OD of the samples was taken with Gen5 software and
exported to Microsoft Excel. The values of GelMA-G extract and positive control
were normalized with the cell control and represented as percentage metabolic

activity as per the following equation.

d .. 0D of test samples
% Metabolic activity of cells = P

x 100 ........... Equation 4

Average OD of cell control

Where OD represent the optical density

3.5.2 Cytocompatibility evaluation of GelMA-G formulation

An ideal bioink should possess a combination of the mechanical, including
rheological, and crosslinking properties for ensuring shape fidelity and structural
maintenance of the bioprinted product, while cytocompatibility ensures the

viability and maintenance of the cells within the bioink. Therefore, it is also
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essential to evaluate the cytocompatibility of the GeIMA-G formulation to ensure

it meets the requirements for use as a bioink.

3.5.2.1 HepG?2 cell culture

Human hepatocellular carcinoma cell line, (HepG2, National Centre for
Cell Science, India) were cultured in Minimum Essential Medium (MEM Merck-
Sigma, Germany) supplemented with 10% Fetal Bovine Serum (FBS, Gibco,
USA) and 0.1% Penicillin-Streptomycin antibiotic (Pen-Strep, USA. The culture
conditions were maintained at 37 °C, 5% CO2, and >90% relative humidity. Once
the cells attain confluency, the cells were trypsinized by incubating with Trypsin-
EDTA for 5 min. After incubation, fresh media was added into the flask and the
cell suspension was centrifuged at 1500 rpm for 2 min. The pellet was resuspended

in culture media.

3.5.2.2 Cell adhesion

The adhesion and morphology of HepG2 cells on the GelMA-G hydrogel
was studied by actin staining. For seeding the HepG2 cells on GelMA-G hydrogel,
sterile cover glasses were transferred aseptically into a 12 well plate and around
100 uL of GeIMA-G solution was added into the cover glass and spread uniformly.
The GelMA-G solution was then removed and the cover glass was exposed under
UV for 3 min for coating the cover glass with GeIMA-G. From the cell suspension,
HepG2 cells at a density of 3 x10° cells/well were seeded on 12 well plate
containing cover glass coated with GelMA-G hydrogel. After 72 h of culture, the

culture medium was removed, and the cells attached on the coated cover glass

66



were washed three times with PBS. The cells were fixed in 4% paraformaldehyde
for 30 min. The fixative was removed and cells were washed with PBS. The cells
were then permeabilized by treating with 0.1% Triton-X 100 in PBS for 3 min.
Rhodamine-phalloidin (diluted 1:100 in PBS) was added on cells and incubated
for 15 min at room temperature. The nucleus of the cells was counterstained with
Hoechst 33258 (0.05 pg/mL in PBS) for 1 min. The cells were observed under a
fluorescence microscope (Leica DMI 6000, Switzerland) using filters N21 (red
emission) and A (blue emission). Images for actin and nucleus was separately
captured using Leica Application Suite (LAS V3.8) through DFC 350

monochrome camera and pseudo-colored.

3.5.2.3 Cell encapsulation and viability

A sub-confluent culture of HepG2 cells were trypsinised and the cell
suspension was centrifuged at 1500 rpm for 2 min and cell pellet at a concentration
of 9 x10° cells was resuspended in 750 uL of GeIMA-G solution by gentle
pipetting. HepG2 cells at a density of 3x10° cellsin 250 uL of GeIMA-G was
transferred into a 24 well plate and was crosslinked under UV for 3 min. The
viability of cells encapsulated in GelMA-G hydrogel was analyzed by live/dead
staining immediately after photo-crosslinking (0 h) and after culturing in
MEM+10% FBS for 24 h cell encapsulated hydrogels were incubated in 0.01%
Fluorescein diacetate prepared in serum free medium for a duration of 4 min (FDA
Merck- Sigma, Germany) and Propidium lodide (PI, HiMedia, Cat#TC252, India)
at a concentration of 0.005% was added into the FDA containing medium in cells

and incubated for 1 min. After incubation, hydrogels were washed with serum free
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medium and the cells were then observed under a fluorescence microscope using

I3 (green emission for live cells) and N21 (red emission for dead cells) filters.

3.5.2.4 Cell encapsulation and proliferation

HepG2 cells were encapsulated in GeIMA-G hydrogel as described before
with a cell concentration of 3x10° cells. Cell proliferation was analyzed using Cell
Counting Kit — 8 (CCK-8, Sigma) on days 1 and 7 with a gap of at least one cell
division. On specified days, the culture medium was replaced with the CCK-8
medium (1:10 dilution in serum-free medium) and incubated for 2 h. The CCK-8
medium was transferred into a fresh 96 well plate and the absorbance were
measured at 450 nm using a multi-well plate reader (Biotek, USA). The
proliferation was calculated as percentage of cell activity normalized to the

absorbance value of day 7 with the average absorbance value obtained on day 1.

3.6 Printability assessment of GelMA-G formulation

The printability of 5% GelMA, 3% gelatin formulation for extrusion-based
3D bioprinting was assessed by evaluating its extrudability, ability to dispense
different single layer patterns and the ability to print multilayer constructs. All
printability assessments were performed after the room temperature was adjusted

to 18-20 °C.

3.6.1 Extrudability

The extrudability of GelMA-G bioink formulation was primarily evaluated
using a filament extrusion test which involves extruding a filament into the air
rather than on a substrate. A freshly prepared 5% GelMA-3% gelatin solution was
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filled into a SmL cartridge and subjected to thermal gelation by keeping at 4 °C
for about 5 min. The cartridge was then connected to a tapered-shaped plastic
printing nozzle with an inner orifice diameter of 410 um. The cartridge was then
loaded onto the pneumatic extrusion print head of 3D bioprinter (3D Discovery,
RegenHU, Switzerland). The pressure for extrusion was gradually increased at an

increment of 0.05 MPa until a continuous flow of filament was observed.

3.6.2 Single and multilayer layer pattern printing

The printability of the GeIMA-G formulation was evaluated by printing
single layer of diverse patterns such as squares, triangles, and zigzags. The
dimensions of patterns were investigated by measuring the width of the extruded
filament. The designs for these patterns were created using BioCAD software
(RegenHU, Switzerland). The single layer patterns were then printed on
polystyrene dish using the pneumatic extrusion head of the 3D bioprinter. During
printing, first the filament was extruded by applying the pressure required for
continuous filament dispersion. A pressure of 55 kPa was found to be optimal and
was applied to print patterns. Digital images of these patterns were taken for

assessment.

A square grid multilayer pattern with outer dimensions of 10x10%2 mm
and having internal perpendicular filaments 90 ° rotated on alternate layers with
interfilament distance of 1 mm was created using 3D BioCAD software. Cartridge
containing the GeIMA-G solution was kept at 2-8 °C for 2-3 min to allow for
physical gelation and the cartridge was loaded into a 3D printer and were printed

based on the selected design. The constructs were printed at a speed of 10 mm/s
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using pneumatic extrusion print head of 3D printer (3D Discovery, RegenHU,
Switzerland) through a nozzle of internal diameter 410 pum. The 3D printed
multilayer constructs were exposed to 365 nm UV light for 3 min for crosslinking.
The crosslinked GelMA-G hydrogel was transferred aseptically to MEM complete
medium and incubated at 37 °C in a CO> incubator for a period of 7 days. Digital
images of the constructs at different time points (day 0, 1, 3 and 7) were then

captured to assess the shape of the constructs.

The water content in the 3D printed construct over incubation in culture
media at 37 °C was also assessed to evaluate the shrinking or swelling properties
of the construct. The multilayer GeIMA-G constructs (n=4) were printed and
crosslinked under UV for 3 min and incubated in MEM complete medium at 37
°C in a CO; incubator. The wet weight (W;) of the constructs after 24 h of
incubation (day 1) was noted and the constructs were freeze-dried and its dry
weight (Wq) was noted. Similarly, wet and dry weight of the constructs at days 3
and 7 was noted. The water content (%) in GeIMA-G constructs at different time

points (day 1, 3 and 7) was calculated using equation.

(Wi —Wd) %

Water content % = 10O ML Equation 5

3.6.3 Stability of 3D printed multilayer construct

The stability of the 3D printed GeIMA-G multilayer construct with respect
to the variation in crosslinking time was studied by analyzing the weight loss of
constructs over incubation in MEM culture media at 37 °C. Square grid constructs

of 10x10x2 mm was 3D printed as previously described and the constructs (n=4)
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were crosslinked under UV for a duration of 3 min and 5 min. The initial weight
(Wi) of the constructs were noted and the constructs were incubated in MEM
complete medium at 37 °C in a CO; incubator for 7 days. The final weight (W) of
constructs was measured after incubation on days (1, 3, and 7). The percentage of

weight loss of the construct was calculated using the following equation:

Wi-W

Weight loss (%) = p 4 {10 - S o T - S S Equation 6

3.7 Hemocompatibility evaluation of 3D Printed construct

In vitro hemocompatibility of GelMA-G hydrogel was evaluated by
haemolysis test according to ISO standard 10993-4,2017. A 3D design of
cylindrical shape with diameter of 1.5 cm and 0.4 cm height and interfilament
space of 1.5 mm was designed using BioCAD software (RegenHU, Switzerland).
The cylindrical constructs were 3D printed using GelMA-G formulation and the
printed samples were crosslinked under UV light for 5 min. The samples (n=3)
were immersed in PBS contained in a fresh polystyrene 24-well plate and was
agitated for 5 min. The PBS was aspirated out and 2.5 mL of human blood from a
healthy volunteer was added to each hydrogel sample. About 0.5 mL of blood was
taken immediately for measuring total hemoglobin using automatic hematology
analyzer (ERBA Mannheim-H360, USA). The hydrogel samples were incubated
in the remaining blood for 30 min under agitation at 70 + 5 rpm inside a shaker
incubator (Environ, Lab-Line, India) set at 35 + 2 °C. Blood added to wells without
any samples were considered as negative control. After incubation, the blood

samples were centrifuged at 2500 xg for 15 min and platelet poor plasma was

71



aspirated. The free hemoglobin liberated in to the plasma after exposure to
hydrogel samples was measured using diode array spectrophotometer (Hewlett-
Packard 8053, USA). The percentage hemolysis was calculated as per ASTM

F756-17 standard.

mg

i) X 100, Equation 7

Free plasma hemoglobin conc (

% Hemolysis =
Y Total hemoglobin conc.(mi)

m

3.8 3D Bioprinting of liver constructs with GelMA-G bioink

formulation

3.8.1 Base bioink formulation

The GelMA-G formulation was prepared by dissolving 500 mg GelMA
and 300 mg gelatin in 9 mL MEM serum free medium at 37 °C. A stock
concentration of 5% (w/v) Irgacure-2959 was prepared in PBS by heating in a
water bath at 80 °C and from that solution, 1 mL was added to the polymer
solution. The final bioink formulation for 3D bioprinting liver was constituted by

dispersing HepG2 cells at a concentration of 2.5%10° cells/mL of GeIMA-G.

3.8.2 Extrusion 3D bioprinting

A square grid pattern with perpendicular internal filaments having
10x10x2 mm dimensions was designed in 3D BioCAD software (regenHU,
Switzerland). G-code for the design was generated. The bioink was loaded into 5
mL cartridge and kept at 2-8 °C for 2-3 min for physical gelation. The cartridge
was connected to the micro-extrusion head of 3D bioprinter (regenHU, 3D

Discovery, Switzerland). Multiple constructs with HepG2 cells (6x10°
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cells/construct) were printed in a 12 well plate under a pneumatic pressure of 55
kPa and at a velocity of 10 mm/s. The constructs were crosslinked by irradiating
UV light for 5 min. The distribution of the cells within the construct immediately
after bioprinitng were observed under phase contrast inverted microscope. The
constructs were cultured in MEM medium containing FBS at 37 °C in CO»
incubator for over a period of 7 days. The spent culture medium at regular intervals
such as day 1, 3 and 7 were collected for analyzing liver-specific functions. The
viability of cells within the bioprinted construct on 7 days of culturing was

analysed by FDA/PI staining.

3.8.3 Liver specific functional evaluation

3.8.3.1 Albumin assay

Albumin synthesis by HepG2 cells was analysed using an ELISA kit
(Bethyl Laboratories, Cat. No. E80-129, USA) according to the manufacturer’s
instructions. Albumin standards were prepared as shown in Table 3.

Table 3: Preparation of Albumin standards using Human
reference serum

Standards | ng/mL | Volume of Albumin | Sample dilute
Initial 10,000 S5uL 11mL
Std 1 400 100pL from initial 2.4mL
Std 2 200 500uL from Std 1 500uL
Std 3 100 500pLfrom Std 2 500uL
Std 4 50 500uL from Std 3 500uL
Std 5 25 500uL from Std 4 500uL
Std 6 12.5 500uL from Std 5 500uL
Std 7 6.25 500uL from Std 6 500uL
Std 8 0 - 500pL

Serial dilutions of standards and the spent culture medium collected at

various time points were added in duplicate to the primary antibody (100 pL)
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coated 96 wells. After 1 h incubation at room temperature, wells were rinsed four
times with ELISA wash buffer (5S0mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH
8.0) and the secondary antibody (100 uL) was added. After 1 h incubation, the
wells were rinsed again and sequentially treated with 100 puL of horse radish
peroxidase solution and incubated for 1 h. The wells were then rinsed with wash
buffer and 100 pL of 3,3,5,5-tetramethylbenzidine (TMB) substrate was added
into each well and incubated for 30 min in the dark. The substrate reaction
develops a blue color and the reaction was stopped by adding 100 uL. H>SO4(0.18
M). Absorbance was measured at 450 nm in a multi-well plate spectrophotometer
(Biotek, Powerwave XS, USA). The human albumin standard curve was plotted
from the average absorbance values of each standard concentration and the
albumin concentration in the spent culture medium collected at specific time points
are calculated from the prepared standard curve. The concentration of albumin
synthesized by the cells was calculated from the standard curve and presented as

the mean =+ standard deviation.

3.8.3.2 Urea assay

The ability of 3D bioprinted constructs with HepG2 cells was analyzed by
estimating urea production in the spent medium using commercially available urea
assay kit (Biochain, USA). The kit utilizes a chromogenic reagent that forms a
colored complex specifically with urea and the intensity of the color formed is

directly proportional to the concentration of urea in the sample.

50 pL of culture medium collected from the bioprinted construct at various

time points, urea standard (5mg/dL), and control culture medium (blank) was
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added in triplicate to a 96 well plate. 200 uL of working reagent provided in the
kit was then added to each well and incubated for 50 min. The absorbance was
measured at 450 nm in a multi-well plate spectrophotometer (Biotek, Powerwave
XS, USA) and the concentration of urea in the culture media was calculated using

the equation and presented as the mean = standard deviation.

. OD of sample—0D of blank 5mg .
ncentration of urea = X == rrcrerrereenens Equation
Concentrationfol urea OD of standard—-0D of blanlk dL quation 8

Where OD is the optical density

3.9 Phototoxicity analysis in GelMA encapsulated cells
The impact of UV on cells encapsulated in GelMA was studied by
measuring the intracellular ROS (1IROS) levels using the DCFDA-cellular ROS

assay (Abcam ab113851).

A sub-confluent culture of HepG2 cells were trypsinized and the cell pellet
was incubated with 25 uM DCFDA prepared in serum free medium for 45 min at
37 °C in dark. The cells were then washed with PBS by centrifuging at 1500 rpm
for 2 min. The GelMA bioink was prepared by mixing a total of pre-stained 9 x10°
HepG2 cells with 600 pL. of GelMA solution. This bioink solution was transferred
into a 24 well plate at a volume of 200 pL/well and exposed to UV irradiation of
365 nm for 3 min. The GelMA got crosslinked and HepG2 cells were encapsulated
within the hydrogel. The cells cultured in normal TCPS multiwell plate was
considered as assay control. The pre-stained HepG2 cells were transferred into a
24 well plate (3x10° cells/well) and exposed to UV for 3 min. The cells exposed

to UV was considered as positive control. Similarly, HepG2 cells were also seeded
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on 24 well plate that were not exposed to UV and was considered as negative
control. The constructs were transferred into 1.5 mL vial and HepG2 encapsulated
in the GelMA hydrogel was harvested by incubating with 200 pL of 0.3%
collagenase — A prepared in calcium containing HEPES buffer (100 mM HEPES
buffer with 20 mM calcium chloride) for 20 min at 37 °C in water bath. After
complete dissolution of hydrogel, the cell suspension was transferred into 1.5 mL
vial and centrifuged at 1500 rpm for 2 min (Eppendorf 5430R, India). The control
cells also were treated with collagenase as done for the encapsulated cells and
centrifuged. The cell pellets obtained from test and assay controls were
resuspended in 500 uL PBS and centrifuged at 1500 rpm for 2 min. The PBS was
then discarded and the cells were again resuspended in 500 pL of fresh PBS. The
cell suspension was transferred into a black-clear 96 well plate (Greiner Bio-One).
The fluorescence intensity of 2°, 7° — dichlorofluorescein (DCF), which is
produced from DCFDA as a result of oxidization by iROS activity, was measured
using a multiwell plate reader (Synergy H1, Biotek, USA) at excitation/emission
wavelengths of 485 nm/535 nm. The percentage of ROS activity was determined
from the relative fluorescence unit (RFU) of cells retrieved from GeIMA and the

positive control samples by normalizing them against the negative control.

.. Test RFU .
% ROS activity = L X 100 oo Equation 9
Negative control RFU

3.10 Formulation of bioink loaded with Antioxidant (A0) cocktails

Two antioxidant vitamin, a-Tocopherol (a-Toc) and Ascorbic acid (AA)

were chosen to formulate GelMA-G with Antioxidant cocktail system.

76



3.10.1 Dose response of a-Tocopherol on HepG2 cells

HepG2cells were seeded into a 96 well plate at a concentration of 1x10°
cells/well and allowed to attain sub confluency inside a CO> incubator. A stock
solution of a-Tocopherol was prepared at a concentration of 10 M in pure ethanol.
A second stock was prepared by diluting in PBS to obtain a concentration of 5 M.
The solution was added directly to MEM culture media to get a final concentration
of 1 M. A logarithmic range of a-Toc (1000,100, 10,1 and 0.1 mM) were prepared
in MEM culture media. The culture medium from sub confluent HepG2 cells was
replaced with various doses (1000, 100, 10, 1 and 0.1 mM) of a-Tocopherol. The
cells in normal culture medium were considered as cell control. The plate was
incubated at 37°C for 24 h in a CO; incubator. The medium from cells were
removed and 50 pL of MTT in serum free medium (1 mg/mL) was added and
incubated for 2 h at 37 °C. The MTT medium was removed and the formazan
product formed was dissolved in isopropanol and absorbance was measured using
a microplate reader (Biotek, USA) at 570 nm. The half maximal inhibitory
concentration (IC50) was calculated from the optical density (OD) using
GraphPad Prism Version 9.0 software with built in module (GraphPad Software
Inc, San Diego, CA, USA). The OD values were transformed into Log (x) values
and was normalized with the control. Then the IC50 was obtained using the option

Non-linear regression, curve fit.

3.10.2 Crosslinking of GeIMA-G in presence of antioxidants

The GelMA-G formulation was prepared by dissolving 250 mg GeIMA
and 150 mg gelatin in 4.5 mL serum free medium at 37 °C. 1 mL of 5% Irgacure
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2959 was then added into GelMA-G solution and mixed thoroughly. The

antioxidants selected for the formulation were added into the GeIMA-G solution.

The concentration of Ascorbic acid (AA), one of the components in the
antioxidant cocktail formulation selected was 3.4 mM, based on a previous report.
The ascorbic acid stock solution was prepared by dissolving in serum-free media
at a concentration of 56.7 mM. The ascorbic acid was then added to the GeIMA-
G solution in such a way to achieve a final concentration of 3.4 mM Ascorbic acid
(i.e. 60 pL of AA in 940 pL of GeIMA-G). To prepare the second formulation,
GelMA with a-Tocopherol, a stock concentration of 1 M a-Toc was prepared in
ethanol, and then a 100mM a-toc solution (second stock) was prepared in PBS. a-
toc was added to GeIMA-G from the 100 mM solution to attain a final
concentration of 100 uM (i.e. 1 pL of a-Toc in 999 pL of GeIMA-G). GeIMA-G
with AO cocktail system was prepared by adding ascorbic acid and a-tocopherol
into GelMA-G in such a way to get 3.4mM AA and 100uM a-toc (i.e. 60 pL of
AA + 1 pL of a-Toc in 939 pL of GeIMA-G). 200 pL of each solution was
transferred to a custom-made Teflon mold of cylindrical shape with diameter 10
mm and height 2 mm. The hydrogel precursor solution was then exposed to UV
light for 5 min and the crosslinked hydrogels were taken out and digital images of

the hydrogels were captured.

3.10.3 Analysis of photoprotective property of GelMA-AO

To evaluate the photoprotective effect of GelMA with AO cocktail system,
iROS levels after photo-crosslinking were measured using the DCFDA-cellular

ROS assay (Abcam ab113851), as described before. The experiment contained
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four hydrogel systems: GeIMA-G, GeIMA-G + AA, GelMA-G + a-Toc, and
GelMA-G + AA + o-Toc. The base GeIMA-G formulation was prepared as
described in the previous section and each bioink formulations were prepared as

shown in the Table 4.

Table 4: Preparation of bioink formulations

Bioink formulations | GelMA-G | Ascorbic acid | a-Tocopherol
solution (56.7mM) (100 mM)
GelMA-G 600 pL - -
GelIMA-G+AA 564 uL 36 uL -
GelMA-G+a-Toc 599.4 uL - 0.6 uL
GelMA-G+AA+a-Toc 563.4 uL 36 uL 0.6 uL

The four bioink systems were prepared by adding a total of DCFDA pre-
stained 9 x10° HepG2 cells/ 600 uL of each formulation. All the bioink
formulations were then transferred into a 24 well plate (200 pL/well). The
formulations were exposed to UV for 5 min in order to encapsulate the cells within
the hydrogels. The HepG2 encapsulated in the four GeIMA-G formulations were
harvested by incubating with 200 puL of 0.3% collagenase — A prepared in calcium
containing HEPES buffer (100 mM HEPES buftfer with 20 mM calcium chloride)
for 20 min at 37 °C. After complete dissolution of hydrogels, the cell suspension
was centrifuged at 1500 rpm for 2 min (Eppendorf 5430R, India). The cell pellets
obtained were resuspended in 500 uL PBS and centrifuged at 1500 rpm for 2 min.
The PBS was then discarded and the cells were again resuspended in 500 puL of
fresh PBS. The cell suspension was transferred into a black-clear 96 well plate
(Greiner Bio-One). The UV protective property of GelMA-G with antioxidant

formulations was analyzed by measuring the fluorescence intensity of 2°, 7° —
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dichlorofluorescein (DCF), which is produced from DCFDA as a result of
oxidization by iROS activity, using a multi-well plate reader (Synergy H1, Biotek,
USA) at excitation/emission wavelengths of 485 nm/535 nm. The percentage of
ROS activity within each GelMA-G antioxidant formulation (test groups) was
determined from the relative fluorescence unit (RFU) of cells retrieved from test

groups by normalizing them against the base GeIMA-G formulation (control

group).

% ROS activity = % X100 §............ e 0, N AT Equation 10

3.10.4 Cell viability assay

The viability of the cells encapsulated in GeIMA-G and GelMA-G-AA+a-
Toc (denoted as GelMA-G-AO) was determined by Alamar blue assay. A stock
concentration of 0.5% Alamar blue reagent (Resazurin Sodium Salt) was prepared
by dissolving in PBS and a working concentration of 0.005% was then prepared

in serum-free medium.

A sub-confluent culture of HepG2 cells were trypsinised and the cell
suspension was centrifuged at 1500 rpm for 2 min. The cell pellet at a
concentration of 9x10° was then resuspended in 600 uL of GeIMA-G and GelMA-
G-AO solution by gentle pipetting. Then the bioink solutions were transferred into
a 24 well plate (200 pL/well) as triplicates and subjected to UV light irradiation
for 5 min to encapsulate the cells within the hydrogel and cultured in MEM
medium containing FBS for 24 h in CO; incubator at 37 °C. After 24 h of

incubation, culture media from each well was replaced with 500 pL/well of
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0.005% Alamar blue solution and incubated for 4h in CO; incubator at 37 °C. The
Alamar blue medium was then transferred to a fresh 96 well plate (150 puL/well)
and the absorbance was measured at 570 nm and at 600 nm as the reference
wavelength using a multi-well plate reader (Biotek, USA). From the absorbance

value obtained cell viability % was calculated using equation

(02 xA1)—(01xA2)

-y
Cell viability % = (02 xP1)—(01xP2)

100 Equation 11
where O1-Molar extinction coefficient at 570 nm

0O2- Molar extinction coefficient at 600 nm
Al-Absorbance of GeIMA-G-AO sample at 570 nm
A2- Absorbance of GelMA-G-AO sample at 600 nm
P1- Absorbance of GelMA-G sample at 570 nm

P2- Absorbance of GelMA-G sample at 600 nm

3.11 Biological evaluation of GelMA-G-AQO formulation

3.11.1 Preparation of GelMA-G-AQO hydrogel

The GelMA-G-AO hydrogels were prepared by dissolving 250 mg GelMA
and 150 mg gelatin in 4.195 mL serum-free medium (MEM) at 37 °C. Then 300

uL of Ascorbic acid and 5 uL of a-Tocopherol was added in such a way to obtain
a final concentration of 3.4 mM AA and 100 uM a-Tocrespectively. 0.5 mL of

5% (w/v) Irgacure 2959 was also added into the GeIMA-G-AO solution and

mixed thoroughly.
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3.11.2 In vitro cytotoxicity evaluation

The cytotoxicity of the GeIMA-G-AO hydrogel was evaluated by direct

contact and test on extraction method based on ISO 10993-5,2009.

The GelMA-G-AO solution was then transferred to a sterile petri dish of
diameter 60mm and exposed to UV light of 365 nm for 5 min for generating
GeIMA-G-AO hydrogel sheets. The samples for direct contact test (disc of
diameter =4 mm) and test on extract (disc of diameter = 8 mm and height =2 mm)
were prepared by cutting cylindrical discs of required size from GelMA-G-AO

hydrogel sheets using sterile plastic punching tool.

3.11.2.1 Direct contact test

L-929 cell monolayer was trypsinised and the cell suspension were
prepared. The cells were then counted using Neubauer hemocytometer and the cell
suspension was diluted to get cell number of 1x 10° cells/mL. The cells were
seeded onto 24 well plate at a concentration of 30,000 cells/well and incubated in
COz incubator for 24h. Triplicate samples of GeIMA-G-AO and positive (PVC)
and negative (UHMWPE) controls were placed on an L-929 monolayer and
incubated at 37 °C for a period of 24 h. The cells surrounding the samples were
observed under an inverted phase contrast microscope (Nikon Eclipse TS2-FL,
Japan), and the cytotoxicity was assessed based on changes in general cell

morphology, vacuolization, detachment, cell lysis and membrane integrity.

82



3.11.2.2 Test on extract and MTT Assay

Cytotoxicity was evaluated by exposing cells to the extract of GelMA-G-
AO hydrogel. The hydrogel discs were incubated in a shaking incubator (Orbitek,
India) at 37 °C for 24 h with culture medium containing serum, at a ratio of 1.25
cm?/mL. Various dilutions of GeIMA-G-AO neat extract (50%, 25%, and 12.5%)

were obtained by diluting the 100% extract with MEM medium containing FBS.

L-929 cells were seeded in a 96-well plate at a density of 1 x 10° cells per
well and allowed to reach sub-confluency. Subsequently, 100 uL of each GelMA-
G-AO extract dilution (n=8) were added to L-929 cells. Positive cytotoxic controls
were treated with 100 uL of diluted phenol and cells incubated in normal culture
medium were considered as cell control. After 24 h of incubation, the response of
the cells to the extract treatment was analyzed under an inverted phase contrast
microscope (Nikon Eclipse TS2-FL, Japan). The viability of cells exposed to
extract was determined using the MTT assay. The values of GeIMA-G-AO extract
and positive control were normalized with the cell control and represented as

percentage metabolic activity as per the following equation.

Absorbance of test samples

% Metabolic activity of cells = X 100 ..Equation 12

Avg absorbance of cell control

3.11.3 Cytocompatibility evaluation

The cytocompatibility of the GeIMA-G-AO hydrogel was evaluated on

HepG2 cells by cell adhesion, cell viability and cell proliferation.
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3.11.3.1 Cell adhesion

The adhesion and morphology of HepG2 cells on the GelMA-G-AO
hydrogel were studied by actin staining. For seeding the HepG2 cells on GeIMA-
G-AO hydrogel, sterile cover glasses were transferred aseptically into a 12 well
plate and around 100 uL of GelMA-G-AO solution was added into the cover glass
and spread uniformly. The GeIMA-G-AO solution was then removed and the
cover glass was exposed under UV for 5 min for coating the cover glass with
GelMA-G-AO. From the cell suspension, HepG2 cells at a density of 3 x10°
cells/well were seeded on 12 well plate containing cover glass coated with GeIMA-
G-AO hydrogel. After 72 h of culture, the culture medium was removed, and the
cells attached on the coated cover glass were washed three times with PBS. The
cells were fixed in 4% paraformaldehyde for 30 min. The fixative was removed
and cells were washed with PBS. The cells were then permeabilized by treating
with 0.1% Triton-X 100 in PBS for 3 min. Rhodamine-phalloidin (diluted 1:100
in PBS) was added on cells and incubated for 15 min at room temperature. The
nucleus of the cells was counterstained with Hoechst 33258 (0.05 pg/mL in PBS)
for 1 min. The cells were observed under a fluorescence microscope (Leica DMI

6000, Switzerland) using filters N21 (red emission) and A (blue emission).

3.11.3.2 Cell encapsulation and viability

A sub-confluent culture of HepG2 cells were trypsinised and the cell
suspension was centrifuged at 1500 rpm for 2 min and cell pellet at a concentration
of 9 x10° cells was resuspended in 750 uL of GeIMA-G-AO solution by gentle

pipetting. HepG2 cells at a density of 3 x10° cellsin 250 uL of GelMA-G-AO
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was transferred into a 24 well plate and was crosslinked under UV for 3 min. The
viability of cells encapsulated in GeIMA-G-AO hydrogel was analyzed by
live/dead staining immediately after photo-crosslinking (0 h) and after culturing in
MEM+10% FBS for 24 h. For live/dead staining, cell encapsulated hydrogels were
incubated in 0.01% Fluorescein diacetate prepared in serum free medium for a
duration of 4 min (FDA Merck- Sigma, Germany) and Propidium lodide (PI,
HiMedia, Cat#TC252, India) at a concentration of 0.005% was added into the FDA
containing medium in cells and incubated for 1 min. After incubation, hydrogels
were washed with serum free medium and the cells were then observed under a
fluorescence microscope using 13 (green emission for live cells) and N21 (red

emission for dead cells) filters.

3.11.3.3 Cell encapsulation and proliferation

HepG2 cells were encapsulated in GelMA-G-AO hydrogel as described
before with a cell concentration of 3x10° cells. Cell proliferation was analyzed
using Cell Counting Kit — 8 (CCK-8, Sigma) on days 1 and 7 with a gap of at least
one cell division. On specified days, the culture medium was replaced with the
CCK-8 medium (1:10 dilution in serum-free medium) and incubated for 2 h. The
CCK-8 medium was transferred into a fresh 96 well plate and the absorbance were
measured at 450 nm using a multi-well plate reader (Biotek, USA). The
proliferation was calculated as percentage of cell activity normalized to the

absorbance value of day 7 with the average absorbance value obtained on day 1.
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3.12 Rheological properties of GelMA-G-AO formulation

The GeIMA-G-AO solutions were prepared by dissolving 500 mg GelMA
and 300 mg gelatin in 8.39 mL serum-free medium (MEM) at 37 °C in a water
bath. 600 puL of Ascorbic acid and 10 pL of a-Tocopherol was added into the
GelMA solution to obtain a final concentration of 3.4 mM AA and 100 uM a-Toc
respectively. 1 mL of 5% Irgacure 2959 was then added into the GeIMA-G-AO

solution and mixed thoroughly. Thus, the bioink formulation comprising of 5%

GelMA, 3% gelatin, 3.4 mM Ascorbic acid, 100uM a-Tocopherol and 0.5%

Irgacure 2959 were used for further analysis.

3.12.1 Temperature sweep analysis

Temperature sweep tests were conducted to determine the physical
gelation temperature of 5% GelMA with 3% gelatin formulation. The sol-gel
transition of GeIMA-G formulation was studied by conducting a temperature
sweep test in rotational mode. About 0.4 mL of GeIMA-G solution was placed
between the parallel plates at 0.5 mm space and the temperature of the sample
stage was gradually reduced from 24 °C to 8 °C at a rate of -1°C per minute. The
variation in viscosity of the solution with respect the change in temperature was
measured. The specific temperature at which gelation occurred was determined by
analyzing the log viscosity verses temperature curve using GraphPad Prism

Version 9.0 software (GraphPad Software Inc, San Diego, CA, USA).
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3.12.2 Dynamic viscosity analysis

The dynamic viscosity analysis helps in determining the shear-thinning
behavior of GeIMA-G polymer solution. The test for dynamic viscosity analysis
was performed in rotational mode. About 0.4 mL of sample were placed between
the parallel plates and at constant temperature (20 °C) a dynamic shear rate from
1 to 1000/s was applied for the analysis. Thus, the variation in viscosity of GeIMA-

G-AO solution with respect to the increase in shear rate was analyzed.

3.12.3 UV curing analysis

The UV curing analysis was performed at 20 °C in the oscillatory mode at
a constant frequency (10 Hz) and strain (1%) to investigate the photo-
polymerization of GelMA-G with antioxidant formulation. The samples were
exposed to 365 nm UV light source Omnicure 1000 (Lumen Dynamix LDGI) and

the variation in storage modulus with respect to UV time was recorded up to 200s.

3.13 Printability assessment of GelMA-G-AO formulation

The printability of GeIMA-G-AO formulation was primarily assessed by
filament extrusion test followed by printing different patterns like square, triangle
and zigzag to study the width size of the extruded filament, the ability of the bioink
to print and maintain different angles. Similarly, a circular pattern was also printed
to analyze the ability of bioink formulation to print curves. Square grid multilayer
constructs with different dimensions such as 10x10x2 mm, 11x11x2 mm and
12x12x2 mm with internal perpendicular filament was printed to evaluate the

ability of bioink to maintain the shape fidelity. All the patterns were created using
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3D BioCAD (regenHU, Switzerland) software and G-codes were generated to
print at a speed of 10 mm/s at 20 °C. Printing experiments were performed using
extrusion print head of 3D printer (3D Discovery, RegenHU, Switzerland) with
nozzle of size 410 um. The GeIMA-G-AO solution was taken in a 5 mL cartridge
and was kept at 4 °C for 2-3 min to allow physical gelation. The cartridge was then
loaded into the pneumatic extrusion head of 3D bioprinter. Various single layer
patterns and multilayer constructs were printed and crosslinked with UV light for

5 min.

3.14 Stability of 3D printed GelMA-G-AO construct

To study the stability of the 3D printed GelMA-G-AO constructs under
physiological conditions, the constructs were crosslinked under UV for 5 min and
incubated in MEM complete medium at 37 °C in a COz incubator for seven days.
The initial weight (W;) of the construct (n=4) immediately after crosslinking (day
0) was measured. The final weight (Wy) of the constructs after incubation for days
1, 3 and 7 was also measured. The percentage of weight loss of the construct was

calculated using the following equation.

Wi-Wf

Weight loss (%) = —

X 100 i Equation 13

3.15 Morphology of 3D printed construct

The surface morphology of 3D printed GeIMA-G-AO constructs were
analyzed by Scanning Electron Microscopy (SEM, Model: Hitachi, S2400, Japan).

Square grid constructs of outer dimensions 10x10x2 mm with internal
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perpendicular filaments were 3D printed using extrusion print head of 3D
bioprinter (3D Discovery, RegenHU, Switzerland) and crosslinked under UV for
5 min. The samples were then lyophilized, sputter coated with gold (HITACHI,
E1010, Japan) and observed under SEM. Images were captured and pore size was

measured by image analysis using Fiji Image J software.

3.16 Mechanical property of GelMA and GelMA-G-AO formulation

The mechanical strength of the hydrogels was determined by measuring
the compressive modulus by compression test using universal testing machine
(UTM) (Bioplus 3345, Instron, USA). The base GeIMA formulation was prepared
by dissolving 250 mg GeIMA in 4.5 mL MEM serum free medium at 37 °C in a
water bath. Similarly, GeIMA-G-AO was also prepared by dissolving 250 mg
GelMA and 150 mg gelatin in 4.195 mL serum free medium. Then 300 pL of
Ascorbic acid and 5 pL of a-Tocopherol was added in such a way to obtain a final
concentration of 3.4 mM AA and 100 pM a-Tocrespectively. 0.5 mL of 5% (w/v)
Irgacure 2959 was also added into the GeIMA and GelMA-G-AO solution at and
mixed thoroughly. About 750 pL of each sample were then transferred into 48
well plate and crosslinked under UV light for 5 min to generate cylindrical
hydrogels with 10 mm diameter and 10 mm height. The compression test was then
performed at 20 °C using a 100 N load of diameter 5 cm. The samples were
compressed at a strain rate of 10 mm/min until a strain of 50% was achieved. The

compressive modulus of each sample was calculated from the stress-strain curve.
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3.17 3D bioprinting of liver tissue with GelMA-G-AO formulation

The main requirement for 3D bioprinting of liver constructs is to develop
liver tissues mimicking the native tissue and exhibiting liver-specific functions.
Therefore, to generate bioprinted liver tissues with necessary characteristics,
bioprinting of liver constructs with bioink GelMA-G-AO formulation comprising

of primary rat hepatocytes were carried out.

3.17.1 Isolation of primary rat hepatocytes

Primary rat hepatocytes were isolated from male Wistar rat of 200-250 g
body weight with prior approval from the Institutional Animal Ethics Committee
(SCT/ABS/IAEC-110/01 dated 04-08-2021). The rats were anesthetized by
intramuscular injection of ketamine (10 mg/100 g body weight) and xylazine
(1mg/100g body weight). Anesthesia was confirmed by checking the absence of
eye blink reflex, pedal reflex, and ear pinch reflex. After anesthetization,
intraperitoneal injection of heparin (0.25 mL/100 g body weight) was then
administered. The animal was kept in supine position and the abdomen was
cleaned thoroughly with 70% ethanol. The rat was placed in a sterile tray inside
Biosafety cabinet (ESCO, Labculture Type A2, Singapore) and strapped to hold
in position. A V-shaped incision was made on the skin and muscle at the lower
abdomen and extend it towards the lateral aspect of the rib cage. The visceral
content was moved to the left side of the animal to expose the portal vein. Using
a fine tipped curved forceps, two loose ligatures were placed around the portal
vein, one ligature was placed just below the right lobe branch of the portal vein

and the other just above the pyloric vein. A small incision was made on the portal
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vein between the ligatures using pointed scissors. Portal vein was cannulated using
a stainless-steel blunt cannula (20 gauge) inserted through the ligature at the distal
side. The cannula was secured in position by tightening the ligatures. Pre-
oxygenated Calcium-free perfusion buffer (pH 7.4) set at 37 °C was passed
through the cannula using a perfusion pump at a flow rate of 20 mL/min. When a
color change was observed, turning from deep red to pale yellow, a deep cut was
made in the vena cava and perfusion continued at 20mL/min for 10 min. The liver
was detached from other organs and the liver was transferred to a stainless-steel
sieve and perfused with calcium containing collagenase buffer (0.5 mg/mL
Collagenase Type IV Merck-Sigma, cat#.C4-BIOC, Germany) at 30mL/min for
10 min in a recirculation manner. The liver was then disconnected from the
cannula and placed in a 150 mm sterile petri dish filled with cold serum-free
Iscove's Modified Dulbecco's Medium (IMDM, Merck-Sigma, cat#.56479C,
Germany) containing 100 IU/mL of Penicillin and 100 pg/mL of streptomycin.
The Glisson’s capsule was carefully peeled off and the liver cells were dislodged
into the medium by gently shaking. The released cells were passed through a sterile
nylon mesh of size70 pm to remove tissue pieces and cell clumps. The cells were
then incubated at 37 °C in CO2 incubator for a duration of 30 min. The cell
suspension was then transferred into a 50mL centrifuge tube and immediately

placed on an ice bath for 10min.

Hepatocytes were purified from non-parenchymal cells (NPC) by
centrifuging at 50 g for 2 min at 4 °C. The resulting supernatant containing NPCs
was discarded while the hepatocyte pellet was washed twice in serum free IMDM
with intermittent centrifugation at 20 g for 2 min at 4 °C. The cell viability was
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determined by utilizing the trypan blue exclusion method, and only cells with
viability exceeding 80% were used for the experiments. The cells were then used
within 2 h after isolation or cryopreserved in cryomedium (70% IMDM, 20% FBS,

10% DMSO) and stored at -80 °C until further use.

3.17.2 Optimization of cell concentration in bioink

The cell concentration for liver bioprinting was optimized by
standardization of dispensing volume during 3D bioprinting and the concentration
of cells in the bioink. The GelMA-AO was prepared by dissolving 500 mg GelMA
and 300 mg gelatin in 8.39 mL serum free medium. Then 600 pL of Ascorbic acid
and 10 pL of a-Tocopherol was added in such a way to obtain a final concentration
of 3.4 mM AA and 100 uM a-Toc respectively. 1 mL of 5% (w/v) Irgacure 2959
was then added into the GeIMA-G-AO solution and mixed thoroughly.

The 5 mL GeIMA-G-AO solution was transferred to a SmL cartridge and
kept at 4 °C for 3 min. The cartridge was loaded into extrusion print head and the
bioprinting parameters were set in the 3D bioprinter. A multilayer construct in grid
pattern was 3D printed and the construct was incubated at 37 °C without
crosslinking. The constructs got melted and this volume was measured to

determine the volume of bioink per construct.
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Figure 8. Schematic representation of bioink preparations for obtaining
hydrogels containing 1 million, 5 million and 10 million cells/construct.
Bioinks were prepared with three different concentrations of primary rat
hepatocytes: 4x10°, 20x10%, and 40x10° cells/mL of GeIMA-G-AO solution. 250
uL of each bioink solutions were transferred into 48 well plate and the time
required for each bioinks to undergo crosslinking was noted. The digital images
of the encapsulated samples were captured. The encapsulated hydrogels were then
transferred into a 24 well plate and cultured in IMDM containing 2% FBS by
incubating in a CO; incubator at 37 °C. The digital images of the crosslinked

hydrogels after incubation for days 1 and 3 was also captured.

3.17.3 Comparison between low and high cell density bioprinting

Liver construct was 3D bioprinted using GeIMA-G-AO bioink. Primary
rat hepatocytes were isolated from Wistar rat and viability was confirmed by
trypan blue dye exclusion staining. The cell suspension was split into two tubes
each having total cell number of 4x10° cells and 20x10° cells respectively. The
cell suspension was then centrifuged and medium from each tube was discarded.

The GeIMA-G-AO solution prepared in IMDM serum free medium was added
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into each tube to get bioink of final cell concentration of 4x10° cells/mL and
20x10° cells/mL. The bioink was transferred into a 5 mL cartridge and kept at 4
°C for attaining physical gelation. A nozzle with an inner diameter of 410 um was
connected to the cartridge and the cartridge was loaded in the extrusion head of
the 3D bioprinter (3D Discovery, RegenHU, Switzerland). The length of the
nozzle was calibrated automatically by needle length calibration. The tip of the
nozzle was positioned at a height of 200 um from the base of the 12 well plate.
The extrudability of the bioink was checked by adjusting the pneumatic pressure.
The G-code for the design was imported into the RegenHu HMI software, and the
printing process was started at a velocity of 10 mm/s. Tissue constructs with 1
million cells/construct and 5 million cells/construct were bioprinted into each well
of 12-well plate. The constructs were then exposed to UV for 5 min and ImL of
IMDM containing 2% FBS was added to each well and the constructs were
incubated in a CO; incubator at 37 °C. The culture media was collected after 24 h

for liver specific functional evaluation.

3.17.4 Evaluation of 3D Bioprinted liver

3.17.4.1 Morphological analysis

The morphology and distribution of the cells within the bioprinted
construct were captured under a phase contrast microscope using a digital camera
(VUE model # US300) connected to the inverted microscope ((Nikon Eclipse TS2-

FL, Japan).
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3.17.4.2 Liver specific functional evaluation
Culture media was collected from bioprinted constructs on days 1, 3 and 5
were stored at -80 °C, until used for analyzing albumin and urea secretion.

The albumin secreted by the constructs was quantified using a rat albumin
ELISA Quantitation kit (Bethyl Laboratories Inc., Cat no: E111-125, USA)
according to the manufacturer’s instructions as discussed in the section 3.8.3.1.

Albumin standards were prepared as shown in the Table 5.

Table 5: Preparation of Albumin standards using Rat reference

serum
Standards ng/mL Volume of Sample dilute
Albumin
Initial 10,000 4uL 12mL
Std 1 125 100uL from initial 7.4mL
Std 2 62.5 500uL from Std 1 500uL
Std 3 31.25 500pL from Std 2 500uL
Std 4 15.6 500pL from Std 3 500pL
Std 5 7.8 500pL from Std 4 500uL
Std 6 3.9 500pL from Std 5 500uL
Std 7 1.95 500pL from Std 6 500uL
Std 8 0 - 500pL

The amount of albumin synthesized by the construct was determined from

a standard curve obtained for rat albumin.

The amount of urea released by the construct was estimated using a
commercial kit (Biochain, Cat No: Z5030016, USA) according to the

manufacturer’s instructions as discussed in the section 3.8.3.2.
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3.17.4.3 Histological analysis

Cell distribution inside the construct was analyzed by staining paraffin
sections with hematoxylin and eosin (H&E). The constructs cultured for 3 days
were washed with warm PBS and immersed in 10% Neutral Buffered Formalin
and stored at 4 °C until further processing. Subsequently, the fixative was
removed, and the constructs were dehydrated using increasing concentrations of
isopropanol (70%, 96% and 100%) for 2x30 min. Following this, three xylene
washes of 30 min each were performed to clear the isopropanol content. The
constructs were then infiltrated with melted paraffin wax for 45 mins and
embedded in fresh paraffin wax in a vertical orientation. Thin cross-sections (10
pm) of the embedded constructs were obtained using a microtome (Leica,
RM2245, Switzerland) and were mounted on charged glass slides. The sections
were stained using the standard hematoxylin and eosin protocol. The stained
sections were examined under the bright-field mode of a light microscope (Eclipse
TS100, Nikon, Japan), and digital images were captured with a Digital Sight

camera (model # DS-Fi2, Nikon).

3.17.5 Functional evaluation of bioprinted liver with high cell density

The culture media was collected from bioprinted constructs on days 1, 3,
and 5 were analyzed for albumin and urea secretion. The albumin secreted by the
constructs was measured using a rat albumin ELISA Quantitation kit (Bethyl, Cat
no: E111-125) according to the manufacturer’s instructions. The amount of
albumin synthesized by the construct was determined from a standard curve

obtained for rat albumin. The amount of urea released by the construct was
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estimated using a commercial kit (Biochain, Cat No: Z5030016) according to the

manufacturer’s instructions.

3.18 Bioprinting of liver construct with modified bioink formulation

3.18.1 GelIMA-G-AO bioink with LAP as photoinitiator

The modified bioink formulation was prepared by dissolving 500 mg
GelMA and 300 mg gelatin in 6.89 mL serum-free medium at 37 °C. The
antioxidants 600 pL of Ascorbic acid and 10 pL of a-Tocopherol were then added
from the stock of 56.7 mM AA and 100 mM a-Toc respectively. The final
concentration of AA and a-Toc in the bioink was 3.4 mM and 100 pM
respectively. A stock concentration of 1% LAP (Lithium phenyl-2.4,6-
trimethylbenzoylphosphinate) was prepared by dissolving in PBS at room
temperature and from the stock, 2.5 mL of LAP was added to the GeIMA-G-AO
solution to get a final concentration of 0.25% (w/v) LAP. All the contents were
mixed thoroughly by pipetting. The formulation GeIMA-G-AO with LAP was

denoted as GeIMA-G-AO+LAP.

3.18.2 Biological evaluation of GelMA-G-AO+LAP

Cytotoxicity of GeIMA-G-AO+LAP was evaluated by direct contact test
with L-929 cells based on ISO-10993, Part-5,2009. For the direct contact test, the
test sample GelMA-G-AQO discs with a diameter of 4 mm and thickness of 2 mm
were prepared by cutting them from GeIMA-G-AO hydrogel sheets casted on 60
mm petridish. Triplicate samples of GelMA-G-AO hydrogel disc, positive control

(PVC) and negative control (UHMWPE) were placed on L-929 monolayer cells
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seeded on 24 well plate and incubated at 37 °C for a period of 24 h. The cells
surrounding the samples were observed under a microscope, and the cytotoxicity

was assessed based on the ISO 10993-5 guideline.

Viability of HepG2 cells encapsulated on GelMA-G-AO+LAP hydrogel
was assessed by live/dead staining. A subconfluent culture of HepG2 cells were
trypsinized and the cell suspension was centrifuged at 1500 rpm for 2 min and cell
pellet at a concentration of 9 x10° cells was resuspended in 750 uL of polymer
solution by gentle pipetting. HepG2 cells at a density of 3 x10° cells in 250 pL of
GelIMA-G-AO+LAP was transferred into a 24 well plate and was crosslinked
under UV for 5 min. The viability of cells encapsulated in GeIMA-G-AO+LAP
hydrogel was analyzed by FDA/PI staining after culturing in MEM+10% FBS for
24 h. The FDA stock solution was prepared by dissolving 10 mg FDA diacetate
(FDA Merck- Sigma, Germany) in 1 mL acetone. 10 pL of FDA from stock was
then added into 1 mL serum free MEM. The cell encapsulated hydrogels were
incubated in FDA medium containing 0.01% FDA for a duration of 4 min. 5 pL
of Propidium lodide (PI, HiMedia, Cat#TC252, India) at a concentration of
0.005% was added to the FDA medium in cells and incubated for 1 min. Hydrogels
were rinsed with serum free medium and the cells were then observed under a
fluorescence microscope using I3 (green emission for live cells) and N21 (red

emission for dead cells) filters.

3.18.3 Analysis of photoprotective property

The photoprotective property of GeIMA-G-AO+LAP was evaluated by

quantifying the level of intracellular reactive oxygen species (IROS) immediately
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after photo-crosslinking using the DCFDA-cellular ROS assay (Abcam
ab113851), as previously described. The experiment contained four hydrogel
systems: GelMA-G+Irg, GeIMA-G-AO+Irg, GeIMA-G+LAP and GelMA-G-

AO+LAP. The bioink formulations were prepared as shown in the Table 6.

Table 6: Preparation of bioink formulations

Bioink GelMA-G AA a-Toc Irg LAP
formulations solution | (56.7 mM) | (100 mM) | (5%) | (1%)
GeIMA-G+lIrg 540 pL - - 60 uL -

GelMA-G-AO+Irg | 503.4 uL 36 uL 0.6 uL 60 uL -
GeIMA-G+LAP 450 pL - - - 150 puL
GelMA-G-AO+LAP | 413.4 uL 36 uL 0.6 uL - 150 pL

Four bioink solutions were prepared by mixing a total of DCFDA pre-
stained 9 x10° HepG2 cells with 600 pL of GeIMA-G+Irg, GeIMA-G-AO+Irg,
GelMA-G+LAP and GelMA-G-AO+LAP. All the bioink formulations were then
transferred into a 24 well plate at a volume of 200 puL/well. The plate was then
exposed to UV for 5 min to crosslink bioink and encapsulate the cells within the
hydrogels. The constructs were transferred into 1.5 mL vial and HepG2
encapsulated in the four bioink formulations were harvested by incubating the
constructs with 200 pL of 0.3% collagenase — A prepared in calcium containing
HEPES buffer for 20 min at 37 °C in water bath. After complete dissolution of
hydrogels, the cell suspension was centrifuged at 1500 rpm for 2 min (Eppendorf
5430R, India). The cell pellets obtained were resuspended in 500 pL PBS and
centrifuged at 1500 rpm for 2 min. The PBS was then discarded and the cells were

again resuspended in 500 pL of fresh PBS. The cell suspension was transferred
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into a black-clear 96 well plate (Greiner Bio-One). The UV protective property of
GelMA-G-AOQ irrespective of photoinitiators used was analyzed by measuring the
fluorescence intensity of 2, 7’ — dichlorofluorescein (DCF), which is produced
from DCFDA as a result of oxidization by iROS activity, using a multi-well plate
reader (Synergy HI1, Biotek, USA) at excitation/emission wavelengths of 485
nm/535 nm. The percentage of ROS activity within each GelMA-G-AO
formulations (test groups) were determined from the relative fluorescence unit
(RFU) of cells retrieved from test groups by normalizing with the base GeIMA-

G+Irg and GeIMA-G+LAP formulations respectively.

3.18.4 UV curing analysis

The crosslinking ability of GelMA-G-AO+LAP was compared with
GelMA-G-AO+Irg by UV curing analysis using a theometer (Physica MCR 301,
Anton Paar, Germany) using a parallel plate with geometry of 25 mm diameter
and at a measuring distance of 0.5 mm. The UV curing analysis was performed at
20 °C in the oscillatory mode at a constant frequency (10 Hz) and strain (1%) to
investigate the photo-polymerization of GeIMA-G-AO formulations. Around 0.4
mL of samples were placed between the parallel plates and were exposed to 365
nm UV light source Omnicure 1000 (Lumen Dynamix LDGI) and the variation in

storage modulus was recorded up to 200 s.

3.18.5 Compression testing

The mechanical properties of GelMA-G-AO+LAP and GeIMA-G-AO+Irg

hydrogels were compared by compression test using a universal testing machine
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(UTM) (Bioplus 3345, Instron, USA). GelMA-G-AO+LAP and GelMA-G-
AO+Irg solutions were prepared as described previously. About 750 puL of each
sample were then transferred into 48 well plate and crosslinked under UV light for
5 min to generate cylindrical hydrogels with 10mm diameter and 10 mm height.
The compression test was then performed at 20 °C using a 100 N load of diameter
5 cm. The samples were compressed at a strain rate of 10 mm/min until a strain of
50% was achieved. The compressive modulus of each sample was calculated from

the stress-strain curve.

3.18.6 Analysis of spheroid formation by cell encapsulation

Primary hepatocytes at density of 5x10° cells were encapsulated in 250 pL
of GelMA-G-AO+Irg and GelMA-G-AO+LAP hydrogel samples. The
morphology of the encapsulated cells was observed under phase contrast mode
using a digital camera (VUE model # US300) connected to the inverted

microscope (Nikon Eclipse TS2-FL, Japan).

3.18.7 3D Bioprinting of liver with Gel]MA-G-AO+LAP

Hepatocytes were isolated from rat liver as described before. During
isolation, the liver suspension obtained was centrifuged at 50 g for 2 min at 4 °C.
The supernatant containing non-parenchymal cells (NPCs) were collected and the
hepatocyte pellet was resuspended in serum free medium. The hepatocytes were
again centrifuged at 20 g for 2 min at 4 °C and the pellet was resuspended in IMDM

serum free medium. The collected supernatant containing NPCs were then
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centrifuged at 350 g for 3 min at 4 °C and the pellet was resuspended in serum free

IMDM. Cell viability was estimated by trypan blue staining.

GelMA-G-AO with LAP formulation was prepared as described before.
Then the bioink was prepared by mixing hepatocytes and NPCs at a ratio of
4x106:1x106 cells in 250uL of GeIMA-G-AO solution. A design of 10 x 2 mm
was prepared with internal filling of perpendicular filaments spaced 1 cm apart.
The design was converted to G code so that any 250 pL bioink will be dispersed
for the construct with said dimension. Construct with 5 million cells/construct was
bioprinted on 12 well plate using extrusion-based bioprinter. The bioink was
crosslinked under UV irradiation at 365 nm. The bioprinted liver tissues were then
cultured in IMDM + 2% FBS + antibiotics medium (1 mL/well) in a CO; incubator
at 37 °C for 48 h. The morphology and distribution of the cells within the
bioprinted construct were captured under phase contrast mode using a digital
camera (VUE model # US300) connected to the light microscope ((Nikon Eclipse
TS2-FL, Japan). The media was removed from the well plate and the constructs
were fixed in 10% neutral buffered formalin and stored at 4 °C until further
processing. Subsequently, the fixative was removed, and the constructs were
dehydrated using increasing concentrations of isopropanol (70%, 96% and 100%)
for 2x30 min. Following this, three xylene washes of 30 min each were performed
to clear the isopropanol content. The constructs were then infiltrated with melted
paraffin wax for 45 min and embedded in fresh paraffin wax in a vertical
orientation. Thin cross-sections (10 um) of the embedded constructs were obtained
using a microtome (Leica, RM2245, Switzerland) and were mounted on charged
glass slides. The sections were stained using the standard hematoxylin and eosin
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protocol. The stained sections were examined under the bright-field mode of a
light microscope (Eclipse TS100, Nikon, Japan), and digital images were captured

with a Digital Sight camera (model # DS-Fi2, Nikon).

3.19 In vivo biocompatibility evaluation of 3D Printed construct

3.19.1 Animal ethics

Healthy Wistar rats were received from the Division of Laboratory Animal
Science Biomedical Technology Wing, Sree Chitra Tirunal Institute for Medical
Sciences and Technology (Institution of National Importance, under Govt. of
India), Trivandrum. Healthy Wistar rats weighing 200-250g were used for the
subcutaneous implantation experiment. All the animals were provided with proper
care and maintained at 12 h light and dark cycle maintaining constant temperature
of 22 £ 2 °C and relative humidity of 30-70%. Animals were provided with
standard pellet diet and water ad [libitum. In addition, each animal cage was
carefully labelled for name, experiment number, number of animals, date of
commencement and end of experimental period. Individual animals were marked
in the head, neck, body and tail using picric acid for identification. A period of 5
days was provided for acclimatization before the beginning of experiments. All
the animals were routinely monitored for health by cage side observation. The
animals were handled humanely without causing any pain or stress and with due
care for their welfare. All the necessary care and management of the animals were
carried out in compliance with the regulations of Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA). Animal

experiments were strictly confined to the guidelines of IAEC guidelines which
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were approved by the CPCSEA, Govt of India as per the study SCT/IAEC-
475/AUG/2023/116, Evaluation of Biocompatibility of materials intended for the

fabrication of medical devices: by implantation in rat subcutaneous tissue.

3.19.2 Sample preparation for subcutaneous implantation

3.19.2.1 3D printing of GelMA-G and GelMA-G-AQO constructs

GelMA-G and GelMA-G-AO solutions containing LAP as photoinitiator
were prepared as previously described. A circular disc shaped multilayer pattern
with alternate perpendicular infill having outer dimensions of 10 mm diameter and
2 mm height was designed in 3D BioCAD software. The patterns were printed
using GelMA-G and GelMA-G-AO formulation. The printed multilayer
constructs were crosslinked and incubated in PBS at 37 °C in a CO2 incubator for

3 days.

3.19.2.2 Preparation of collagen samples

Lyophilized collagen samples (ColoPlug, India) were cut into circular disc
of 10 mm diameter and 2 mm height. The samples were packed in medical grade
Eto sterilizer rolls and was sterilized by passing Ethylene Oxide gas (3M Steri-

Vac™ Sterilizer/Aerator Model 8XL) at 37 °C.

3.19.3 Subcutaneous implantation of 3D printed construct in Rat model

The biocompatibility of the GelMA-G and GeIMA-G-AO hydrogels was
evaluated by subcutaneous implantation in rat model for a period of 28 days as per
ISO 10993-6 Biological Evaluation of Medical Devices”- Tests for local effects

after implantation. 3D-printed GelMA-G and GelMA-G-AO constructs of 10 mm
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diameter and 2 mm height were considered as test samples, and clinically used
lyophilized form of collagen (ColoPlug, India) of a similar size to the test samples
was utilized as a control. A total of 10 healthy animals were evenly divided into
two groups: 5 rats for the GelMA-G sample and another 5 rats for the GeIMA-G-
AO sample. Prior to the implantation procedure, the fur on the animals back on
both sides of the spinal column were closely clipped. The animals were then
anaesthetized by administering intramuscular injections of xylazine (5 mg/kg) and
ketamine (100 mg/kg). After 10 min of undisturbed anesthesia, the animals were
placed on a surgical table. The skin was thoroughly cleaned with betadine and 70%
alcohol. For implanting test samples, two incisions were made on the dorsal
surface of each animal, 10 mm apart, on the right side near the spinal column, and
then subcutaneous tunnel pockets were created through blunt dissection, and the
test samples were inserted into each tunnel. Similarly, on the left side, after
creating subcutaneous tunnel pockets, control collagen samples pre-soaked in
sterile PBS were implanted. So, in each rat, two test samples and two control
samples were implanted on the right and left sides, respectively. The skin incisions
were then closed using sterile nylon sutures. The animals were observed at
appropriate intervals throughout the experimental period of 28 days for any
abnormal findings, including local, systemic, and behavioral abnormalities. At the
end of the observation period, the animals were euthanized using overdose of
sodium thiopentone. The implantation site along with sufficient surrounding
tissue, were collected and fixed in 10% neutral buffered formalin. The fixed tissues
were then processed for standard paraffin embedding and 5 pm thick sections were
taken. The sections were mounted on slides and stained with H&E. The stained
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sections were examined under the bright-field mode of a light microscope (Eclipse
TS100, Nikon, Japan), and digital images were captured with a Digital Sight

camera (model # DS-Fi2, Nikon).

3.20 Efficacy evaluation of cell-laden constructs

3.20.1 Animal ethics

All animals were handled humanely, without making pain or distress and
with due care for their welfare. The care and management of the animals will
comply with the regulations of the Committee for the Purpose of Control and
Supervision of Experimental Animals (CPCSEA), Govt. of India. All the animal
experiments were carried out after getting prior approval from Institutional Animal

Ethics Committee (IAEC) and performed under the approved institutional protocol

as per the IAEC approved No: (SCT/ABS/IAEC-110/01 dated 04-08-2021).

3.20.2 Bioprinting of liver constructs

Hepatocytes and NPCs were isolated from rat liver as described before.
During isolation, the liver suspension obtained was centrifuged at 50 g for 2 min
at 4 °C. The supernatant containing non-parenchymal cells (NPCs) were collected
and the hepatocyte pellet was resuspended in serum free medium. The hepatocytes
were again centrifuged at 20 g for 2 min at 4 °C and the pellet was resuspended
in IMDM serum free medium. The collected supernatant containing NPCs were
then centrifuged at 350 g for 3 min at 4 °C and the pellet was resuspended in serum
free IMDM. Cell viability was estimated by trypan blue staining. GeIMA-G-AO

with LAP formulation was prepared as described before. 20x10° cells/mL of
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bioink was prepared by mixing hepatocytes and NPCs at a ratio of 4x106:1x106
cells in 250uL of GeIMA-G-AO solution. A design of 10 x 2 mm was prepared
with internal filling of perpendicular filaments spaced 1 mm apart. Constructs with
5 million cells/construct was bioprinted on 12 well plate using extrusion-based
bioprinter. The construct was crosslinked under UV irradiation at 365 nm.
Bioprinted liver tissues were then cultured in IMDM + 2% FBS medium in a CO;

incubator at 37 °C for 48 h.

3.20.3 Transplantation of bioprinted liver into rat model

A total of six healthy male Wistar Rats weighing approximately 200-250g
were selected for the invivo transplantation experiments. The rats were
anesthetized by intraperitoneal injection of Xylazine (7 mg/kg) and Ketamine
(70 mg/kg). The fur on the ventral surface of the animals were clipped and the
animals were placed on the surgical table. The skin was thoroughly wiped with
10% betadine solution. An upper midline abdominal incision on skin and muscle
was made to access the liver. A disc shaped defect of 10x2 mm size was created
in liver using 8mm toothed trephine and the bleeding was controlled by applying
gentle pressure with a sterile gauze. When bleeding was subsided or stopped, the
bioprinted liver of same size as that of the defect size was placed in the defect. The
transplanted liver was covered with the omentum and fibrin glue (Baxter Tisseel
Fibrin sealant) was applied around the site of transplantation for fixation. The
animals were allowed to recover and were provided with antibiotic Ceftriaxone
(25 mg/kg) and analgesic Meloxicam (0.5 mg/kg) for three days.The

immunosuppressant drug Tacrolimus at a concentration of 25 mg/mL was
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prepared by dissolving 1 mg of tacrolimus in 4 mL normal saline solution. After
the surgery, tacrolimus was administered through subcutaneous injection at a
dosage of 0.5 mg/kg to prevent graft rejection. Tacrolimus was then provided to
the animals for the next five days through drinking water by mixing 1.2 mL of 25
mg/mL tacrolimus with 300 mL of drinking water to provide an intake of dosage
of 0.2 mg/kg. The wellbeing of the animals such as food and water intake was
monitored every other day for a total of 28 days. The body weight of the rats was
recorded regularly. Blood samples of around 0.5-1 mL were collected via the retro-
orbital route on day O (day before surgery) and on days 7, 14, and 28 to assess
liver-specific functions. The amount of total protein, albumin, urea, ALT, AST
and ALP produced was estimated using Beacon serum kit. On day 28, the animals
were euthanized using CO; inhalation, and liver tissues from the transplanted site
were fixed in 10% neutral buffered formalin. The fixed tissues were then processed
for standard paraffin embedding and 5 pum thick sections were taken. The sections
were mounted on slides and stained with H&E. The stained sections were
examined under the bright-field mode of a light microscope (Eclipse TS100,
Nikon, Japan), and digital images were captured with a Digital Sight camera

(model # DS-Fi2, Nikon).

3.21 Statistical analysis

The statistical analysis was conducted using the GraphPad Prism software
(Version 9, San Diego, USA). All data were presented as the mean plus or minus
the standard deviation. Differences between groups were analyzed using Student's

t-tests, and a p-value less than 0.05 was considered to be significant.
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Chapter 4

RESULTS AND DISCUSSION

GelMA is a photopolymerizable gelatin-based derivatives which is
synthesized based on the reaction of free amino groups of lysine/hydoxylysine
residues present in gelatin molecules with methacrylic anhydride (Van Den Bulcke
et al., 2000). It has been widely utilized in tissue engineering as scaffolds and for
3D bioprinting due its excellent non-cytotoxicity, biodegradability and tunable
mechanical strength. Therefore, GeIMA was chosen as the biomaterial for bioink

formulation in this study.

4.1 Synthesis of Gelatin Methacrylamide

A total of thirteen batches of GeIMA were synthesized, and the table shows
the percentage yield of GelMA for each batch (Table 7). Approximately 170g of

GelMA was synthesized in total with overall yield efficiency of 64.6 £+ 3%.

Among the various types of gelatin, porcine gelatin is commonly utilized
for tissue engineering applications due to its higher mechanical properties (Shie et
al., 2020). Type A gelatin was selected for the synthesis of GelMA as it is less
denaturated and hydrolyzed in comparison with type B gelatin. Also, type A
gelatin exhibits a closer resemblance to collagen in terms of amino acid
composition and isoelectric point (IEP) (Lee et al., 2015). The pH of the reaction

mixture must be maintained during GelMA synthesis as the byproduct
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(methacrylic acid) can lower the pH, which can hinder the forward reaction by
protonating free amino groups. To address this issue, MAA was added sequentially
to promote the forward reaction while the pH of the solution was adjusted
simultaneously. The carbonate-bicarbonate buffer system used 2-fold of MAA, a
much smaller amount of MAA compared to the conventional PBS system which
required a molar excess of MAA ranging from 10-32-fold (Shirahama et al., 2016).
So, carbonate-bicarbonate buffer could be superior to PBS in terms of rendering

free amino groups reactive via deprotonation and buffering capacity (Zhu et al.,

2019).

Table 7: Yield of GelMA synthesis

Batches Wt of Gelatin (g) Wt of GelMA (g) Yield (%)
GelMA B-1 20 13.6 68
GelMA B-2 20 13.5 67.5
GelMA B-3 20 12.7 63.5
GelMA B4 20 12.5 62.5
GelMA B-5 20 13.3 66.5
GelMA B-6 20 12.5 62.5
GelMA B-7 20 13 65
GelMA B-8 20 12.7 63.5
GelMA B-9 20 13.6 68

GelMA B-10 20 12 60
GelMA B-11 20 13.5 67.5
GelMA B-12 20 12.5 62.5
GelMA B-13 20 12.7 63.5

4.2 Physicochemical characterization of GelMA
4.2.1 Degree of Functionalization

The degree of functionalization in GeIMA was estimated by Ninhydrin
assay and Trinitrobenzene Sulfonic acid (TNBSA) assay. The degree of

methacrylation of GeIMA of batches from 1 to 5 is depicted in Figure 9. The
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average value of DoF obtained by Ninhydrin assay and TNBSA assay was 93.6 +
3% and 88.8 + 5% respectively. The degree of methacrylation is defined as the
ratio of the amino groups that are functionalized with methacrylate groups to the
total number of amino groups in gelatin before the methacrylation reaction.
According to reports, the use of carbonate-bicarbonate buffer at higher pH raises
the degree of methacrylation to over 95% (Shirahama ef al., 2016). The degree of
methacrylation is one of the main factors that influences the biophysiochemical
properties of GelMA and its photocured hydrogel (Zhu et al., 2019). It can impact
the crosslinking density, porosity, pore size, compressive modulus, swelling and
degradation behavior of the hydrogel (Velasco-Rodriguez ef al., 2021, Sun ef al.,
2018). The crosslinking density of GelMA increases as the degree of
methacrylation increases, resulting in improved mechanical properties
(Suvarnapathaki et al., 2019). In case of bioprinted construct it is necessary to have
enough mechanical strength to maintain the shape fidelity. Thus, the result
suggests that the in-house synthesized GelMA have a higher degree of
functionalization and when used as bioink it can provide adequate shape fidelity

and strength to the 3D bioprinted construct after UV crosslinking.
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Figure 9. Degree of methacrylation of synthesized GeIMA
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4.2.2 'H Nuclear Magnetic Resonance Spectroscopy

The functionalization of gelatin with the methacrylamide was confirmed
by proton NMR. The resonance signals in the NMR spectrum of GeIMA at 1.9
ppm corresponded to the methyl group and the peak at 5.4 ppm and 5.7 ppm
attributed to the vinyl protons of methacrylamide grafts on hydroxyl lysine and
lysine, respectively. The reduced intensity of the lysine signal at & = 2.9 ppm

suggesting modification of lysine by methacrylamide groups.
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Figure 10. 1H NMR spectrum of Gelatin Methacrylamide. a) Schematic
molecular structure of GeIMA showing methacrylated lysine and hydroxylysine
residues. b) 'H-NMR spectrum depicting peaks corresponding to vinyl protons
of methacrylamide grafts of lysine groups and those of hydroxyl lysine groups
(1), lysine methylene (ii) and methyl protons of methacrylamide grafts (iii) in
GelMA.
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The 'H NMR spectrum of GelMA matched well with the earlier reports
which showed the successful methacrylation of gelatin by the presence of methyl
and vinyl proton signals at 6 = 1.9 and 5.4/5.7 ppm, respectively, along with the

reduced intensity of the lysine signal at 6 = 2.9 ppm (Shie et al., 2020)

4.2.3 Photocrosslinkablity of GeIlMA

The crosslinkability of bioink is essential to stabilize the 3D bioprinted
structures. Among different crosslinking mechanisms, photo crosslinking is a

commonly used method in 3D bioprinting (Lim ez al., 2020).

Researches has highlighted that GeIMA hydrogels with low concentrations
(<5 w/v%) demonstrate excellent cell viability due to decrease in matrix stiffness,
rendering them well-suited for cell-laden bioinks (Yin et al., 2018). At the same
time, it 1S essential to select a bioink concentration that can form crosslinked
hydrogels under short crosslinking time as prolonged UV exposure can affect
cells. Here, the crosslinkability of different concentrations of GeIMA polymer
solution (3% ,4% and 5%) was determined by examining the stability and shape
fidelity of the hydrogel formed after exposure to UV light. Among the
concentrations studied, 3% GelMA was exposed under UV for 7 min but the
hydrogel formed exhibited poor shape fidelity. While 4% GelMA solution took 5
min to form crosslinked hydrogel and the 5% GelMA solution, the highest
concentration studied, only took 3 min to form hydrogel. Comparing the hydrogels
formed by 4% and 5% GelMA, although both were capable of forming hydrogels,

5% GelMA exhibited a more stable hydrogel with superior shape fidelity.
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Furthermore, the 5% GelMA hydrogel was mechanically strong enough to be

handled with forceps when compared with 4% GeIMA hydrogel.

The rheological analysis by frequency sweep test under UV exposure for a
period of 200 s showed that the storage modulus of 4% and 5% GelMA was
increasing with respect to UV time indicating samples were undergoing
crosslinking. The storage modulus of 5% and 4% GelMA crosslinked hydrogels
formed after 200 s of UV exposure was 74 Pa and 44 Pa respectively indicating
that 5% GelMA formed stronger gel than 4% GeIMA. In case of 3% GelMA, no
significant increase in storage modulus under UV exposure was noted. Therefore,
it shows that 3% GelIMA requires more than 200 s of UV exposure time even to

initiate the crosslinking process.
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Figure 11. Photo-crosslinking of GelMA. (a) Representative images of UV
crosslinked GelIMA hydrogels (1) 3 % GelMA, (i1) 4 % GelMA, (ii1) 5 % GelMA.
(b) Graph depicting the variation of storage modulus of different concentration
of GeIMA with UV time.
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One of the main advantages of GelMA is its tunable property which
depends mainly on their degree of substitution, their concentration and selected
curing parameters (light intensity, exposure time of irradiation, and amounts of an
initiator) (Zhu et al., 2019). The time taken for crosslinking of GeIMA depends on
the concentration of GeIMA and photoinitiator used. Irgacure 2959 is one of the
widely used photoinitiators in crosslinking processes under UV irradiation of 365
nm due to its high availability and easy application (Han ef al., 2019). About 0.5%
(w/v) Irgacure 2959 has been commonly used for the preparation of
photocrosslinked hydrogels as it has been reported to be non-cytotoxic (Chan et
al., 2010). As concentration of GeIMA increases, more methacrylic groups
present in the gelatin side chains gets crosslinked and thereby reduces crosslinking

time. Therefore, 5% GelMA was selected for further analysis.

4.2.4 Water content of 5% GelMA

GelMA hydrogel at 5% concentration retains 85.3% water on equilibrium
swelling at 37 °C. The weight of the lyophilized hydrogel was increased 6.8 times
over incubation in PBS. Higher water content of the hydrogel resembles natural
tissue environment thereby enhances cell survival, cell growth and proliferation
within the hydrogel. Higher water content leads to an increased permeability to
nutrients into the hydrogel matrix which important for the cell growth (Komeri et

al., 2017).
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4.2.5 Stability analysis of 5% GelMA hydrogel

The stability of GeIMA hydrogel was evaluated by measuring its weight
loss after incubation in PBS at 37 °C for a period of 7 days. The quantitative
analysis of weight loss depicted as a function of time is given in Figure 12. An
initial weight loss of 19.6 + 2% is observed on day 1. The weight loss observed on
days 3 and 7 are 25.5 + 2% and 28.5 + 0.6% respectively indicating no significant

change in weight loss from day 3 to day 7.

40' *

Weight loss%

Day-1 Day-3 Day-7

Figure 12. Weight loss of 5% GelMA hydrogel. Graph depicts the weight loss of
GelMA over 7 days of incubation in PBS at 37° C. (n=3, *p-value < 0.05)
Weight loss in hydrogels indicates degradation either through hydrolysis
or enzymatic mechanisms. Hydrolysis mainly occurs when hydrolytically unstable
chemical bonds are present. The rate of hydrolysis depends on crosslinking
density, which is depended on polymer concentration or extent of crosslinking
during material fabrication (Caliari and Burdick, 2016). Studies have shown that
degradation of GelMA hydrogels in PBS is due to hydrolysis (Zhu et al., 2022).
As a result, the weight loss that occurred after incubating in PBS under

physiological conditions can be attributed to hydrolysis. The results were also
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consistent with earlier reports where they observed an initial weight loss of GeIMA
over incubation in PBS at 37 °C which later became stable (Heltmann-Meyer et
al., 2021). It was also observed that the hydrogel maintained its shape despite
experiencing weight loss, satisfying the requirement of maintaining the shape

fidelity of the printed construct.

4.2.6 Residual EtO analysis and crosslinkability EtO Sterilization

The gas chromatography analysis showed that no EtO residues were
detected in EtO sterilized GelMA samples (Figure 13 b). The solubility and
crosslinkability of GelMA was remained unaffected after Eto sterilization (Figure

13 ¢).

GelMA needs to be sterilized prior to cell culture and various sterilization
methods are available (Caliari and Burdick, 2016). However, sterilization methods
can be destructive, and may have detrimental effects on the naturally-derived
hydrogels. So, selecting a reliable and scalable sterilization method for
biomaterials used in the bioink is critical for the clinical translation of Bioprinted
tissues. According to reports, EtO treatment appears to be the most favorable
technique for sterilizing GeIMA as this method causes minimal changes in the
physical and chemical characteristics of the hydrogels compared to autoclaving
and filter sterilization (D O’Connell et al., 2019). But the major concern
associated with the ethylene oxide for sterilization arises from its capability to be
absorbed by the biomaterials and to react with water or other components, leading
to the formation of toxic residues (Rizwan et al., 2020). Therefore, it is important

to ensure the absence of Eto residues in the sample after Eto sterilization.
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Figure 13. Sterilization of GelMA (a) Eto sterilized GeIMA, (b) Chromatogram
obtained after residual Eto analysis (¢) Solubilized and crosslinked GeIMA after
Eto sterilization.

4.2.7 Temperature sweep analysis of 5% GelMA

The physical gelation temperature of GelMA was evaluated by studying
the effect of temperature on viscosity of 5% GelMA. The gelation temperature was
assessed by cooling the polymer solution from 20 °C to 8 °C at a cooling rate of 1

°C/min. It was observed that as the temperature decreased, the viscosity of the
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bioink gradually increased. A sudden increase in viscosity was noted when the

temperature dropped below 16 °C, indicating sol-gel transition (Figure 14).
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Figure 14. Temperature sweep curve of 5% GelMA. Graph depicts the increase
in viscosity of GeIMA with respect to change in temperature from 20 - 8 ° C.
Sol-gel transition temperature is the temperature at which a solution
transforms into gel form. The sol-gel transition temperature of bioink is crucial for
setting the printing temperature for ensuring smooth filament extrusion during
bioprinting. Temperatures above the sol-gel temperature cause GeIMA to liquify,
while temperatures below the sol-gel temperature cause over-gelation, and thus
affecting printability (Shie et al., 2020). It is also essential for the bioink to be in
a gel state during the process of bioprinting in order to have a homogeneous
distribution of cells with minimal cell sedimentation within the bioink as cell
sedimentation may lead to inconsistent flow rates and nozzle clogging (Jain et al.,
2021). It has been reported that low concentrations of GeIMA can affect 3D
printability because of its poor viscosity leading to formation of non-uniform

filaments and delayed gelation, thus affecting the structural integrity of the 3D
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printed patterns (Yin et al., 2018). Also, cell viability may be adversely affected
at temperatures below 15 °C further highlighting the importance of bioprinting at
ambient temperature. According to reports, processability of low-concentration
GelMA bioinks was enhanced by blending GelMA with gelatin (Pai ef al., 2022a,
Yin et al., 2018). In line with this, 3% gelatin was added along with 5% GelMA,

and the re-formulated polymer solution was further evaluated.

4.3 Rheological analysis of GelMA-gelatin bioink formulation

The effects of temperature, shear rate, and UV exposure on the flow
properties of the 5% GelMA formulation with 3% gelatin was investigated by
rheological analysis. A temperature sweep analysis of GelMA-G formulation
conducted in the range of 8-24 °C is shown in Figure 15a. The nature of the curve
was similar to 5% GelMA and it was observed that the viscosity was inversely
proportional to the temperature. The GeIMA-G formulation showed a sudden
increase in viscosity in the temperature range 20 - 18 °C indicating comparatively
higher physical gelation temperature than that of 5% GelMA alone. The outcome
was consistent with a previous study that demonstrated the addition of gelatin
improves the thermosetting properties of low concentration GelMA, enabling
printing at temperatures between 15 and 25 °C (Yin ef al.,, 2018). A semi-viscous
condition is required for ideal bioink to form regular filaments and maintain
integrity and shape fidelity, while bioink viscosity should be as low as possible to
reduce induced shear stress and thus maintain high cell viability (Ouyang et al.,
2016). Hence, based on the temperature sweep analysis 20 °C was chosen as the

printing temperature and the subsequent rheological analysis were done at 20 °C.
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Figure 15.Rheological analysis of GelMA-G formulation. (a)Temperature sweep
analysis showing the increase in viscosity of GelMA-G with respect to decrease
in temperature, (b)Dynamic viscosity analysis showing the decrease in viscosity
as shear rate increases, (c) The increase in storage modulus with respect to UV
exposure time.

When extruding the cell-laden bioink, it is important to ensure that the
bioink passes through the small orifice of the nozzle without causing excessive
shear stress on the cells as it may cause negative impact on cell viability. To
achieve this, the bioink should exhibit shear thinning behavior (Holzl ef al., 2016).
Figure 15b shows the variation of viscosity against the shear rate. The viscosity is
seen to linearly decrease with increase in shear indicating the shear-thinning
behavior of the GeIMA-G formulation. During shear-thinning, the polymer chains
are temporarily aligned parallel to the direction of shear which leads to a decrease
in viscosity. This decrease in viscosity aids in the formation of smooth filaments

at the nozzle. Furthermore, it also aids in maintenance of cell survivability.
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The photo-crosslinking analysis under UV irradiation of GelMA-G
formulation is shown in Figure 15c. The variation in storage modulus is evaluated
against the length of exposure to UV radiation. The storage modulus is found to
increase exponentially from 50-200 s indicating that the methacrylamide moieties
have been consumed for crosslinking, and the bioink becomes more elastic as the
UV  exposure time increases, confirming GelMA-G solution undergoes

crosslinking.

4.4 Biological evaluation of GelMA-G formulation
4.4.1 Cytotoxicity evaluation

The direct contact test evaluates the impact on cells when they come into
contact with a test material. In vitro cytotoxicity analysis of the GelMA-G
hydrogel based on ISO 10993-5 by direct contact with L-929 fibroblast cells did
not show cytotoxic reactivity under or around the sample. Hence, it achieved a
score of grade 0, which was considered non-cytotoxic (Figure 16a). The negative
control showed non-cytotoxic reactivity and the positive control showed severe

cytotoxic reactivity.

The cytotoxicity due to the potential leachant from GelMA-G hydrogel
was analyzed by testing the extract method using L-929 cells. After treatment with
various dilutions of GelMA-G extract, cells showed non-cytotoxicity with a
cytotoxicity grade 0 based on ISO 10993-5. This was comparable to the
morphology of cells cultured in the normal medium (cell control) (Figure 16b).

Cells treated with diluted phenol showed severe grade 4 cytotoxicity.
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Figure 16. Cytotoxicity analysis of GeIMA-G hydrogel. (a) L-929 cells after 24h
direct contact with GelMA-G, negative control (UHMWPE) and positive control
(PVC). (b) Test on extract analysis showing [.-929 cells after 24 h treatment with
dilutions of GeIMA-G extract, Cell control (culture medium) and phenol. (¢) Graph
showing cell activity of cells determined by MTT assay. Scale bar 100um
To quantify the cytotoxicity, the MTT assay was performed soon after
observation of cells at the end of the treatment time. The activity of cells treated
with dilutions of GeIMA extract and phenol was normalized to that of the cell
control. Cytotoxicity was calculated as a percentage of cell activity (Figure 16c).
The 100%, 50%, and 25% extracts of GeIMA-G showed mean cell activity of more
than 100%, and there was no statistically significant difference compared to cell

control. On the other hand, the cells treated with dilute phenol, which is considered
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a positive cytotoxic control, showed severe cytotoxicity with a Grade 4 score and

<20 % cell activity.

Hence, this data suggests that there is no potential toxicity due to direct
contact or from eluants released from GelMA-G hydrogel. Therefore, GeIMA-G

can be considered safe for bioink formulation.

4.4.2 Cytocompatibility evaluation

The cytocompatibility of GeIMA-G was assessed by evaluating cell
adhesion, viability, and proliferation. The staining of cytoskeletal structural
proteins in HepG2 cells cultured in GelMA-G hydrogel-coated wells demonstrated
that the hydrogel facilitated cell attachment. The cells attained morphology and

were evenly distributed on the gel surface (Figure 17a and a’).

The viability of HepG2 cells after encapsulation in GelMA-G hydrogel
was analyzed using live-dead staining, which revealed that cells were viable
immediately after UV crosslinking as well as after culturing for 24 h (Figure 17b
and c). The proliferation of HepG2 cells encapsulated in GeIMA-G hydrogel
analyzed by CCK-8 assay is shown in Figure 17d. The cell activity measured on
day 7 after cell encapsulation was normalized to that measured on day 1 and the
results show a significant increase in cell activity from day 1 to day 7, supporting

evidence for cell proliferation.
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Figure 17. Cytocompatibility of GeIMA-G (a) Cytoskeletal staining (red) of HepG2
cells adhered on GeIMA-G hydrogel. (a’) Magnified area showing cell morphology
and spreading. Cell nuclei were counter stained (blue) to identify the cells. HepG2
cells encapsulated in GelMA-G hydrogel showing viability (green) at (b) O h and
(c) 24 h of encapsulation. (d) Proliferation of HepG2 cells encapsulated in GelMA-
G (***p =<0.0001). Scale bar 200pm
To qualify GelMA-G for formulating bioink for liver bioprinting, it is
essential to study its cytocompatibility on liver cells. Hepatoma cell lines are

frequently used as an alternative to primary hepatocytes for in vitro studies.

HepG2 cells are human hepatoma cell line with high proliferation rate and
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performs many differentiated hepatic functions (Donato et al., 2015). Therefore,
HepG2 cells were used to evaluate the suitability of GelMA hydrogel to support
survival and proliferation of encapsulated cells. The result confirms that the
hydrogel prepared from the in house synthesized GelMA retained the properties
of gelatin such as the presence of cell-attaching and matrix metalloproteinase
responsive peptide motifs, which allows cells to proliferate and spread in GelMA-

based scaffolds (Yue et al., 2015b).

4.5 Printability assessment of GelMA-G bioink formulation

One of the ideal properties of bioink is printability which indicates that the
bioink should be flowable or deformable and be able to be deposited precisely with
a good spatial, temporal, and volumetric control (Zhang et al., 2018). Gillispie
et al. defined printability as “the ability of a material, when subjected to a certain
set of printing conditions, to be printed in a way which results in printing outcomes
which are desirable for a given application”’(Gillispie et al., 2020). For extrusion-
based 3D bioprinting, printability refers to the suitable extrudability, filament
formation and shape fidelity of the extruded single filament as well as the final
printed construct as a whole (Schwab et al., 2020). Based on previous reports, a
conical shaped printing nozzle having an inner diameter of 410 um was selected
for this study (Ding et al., 2019).

The ability of the bioink to form a continuous filament on extrusion
through a nozzle under given printing condition is defined as extrudability and it
is the basic requirement for printability (Zhang et al., 2018). So, if a bioink

formulation is not strong enough (under gelation), it will result in droplet
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formation on extrusion, which will hinder the 3D bioprinting capability. On the
other hand, if the bioink is in over gelation condition, it will result in irregular
rough filaments. Therefore, it is essential for a bioink formulation to produce a
smooth continuous filament upon extrusion for successful bioprinting (Ouyang et
al., 2016). The filament extrusion test of the GeIMA-G formulation at 20 °C shows
the extrudability of the formulation under pneumatic pressure of 35-40 mPa
(Figure 18 a). The extruded filament appeared to be smooth and uniform. The
results show that the efficient extrudability of GeIMA-G formulation is due to the
achievement of physical gelation at the printing temperature of 20°C. Also, this
ability to form a filament and exhibit uniform extrusion is directly related to the
shear-thinning and rapid shear recovery behavior of the bioink (Schwab et al.,

2020).
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Figure 18. Printability evaluation of GelMA-G (a) Filament extrusion test
showing the extruded filament, (b) Single layer patterns: First row represent
various designs and second row shows images of the corresponding printed
GelMA-G patterns, (¢) CAD drawing of multilayer grid pattern and images of the
3D printed GeIMA-G construct
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The ability to print sharp angles is also considered as one of the methods
to evaluate the printability of a bioink. The single layer patterns with various
angles were successfully printed using GelMA-G formulation. The 3D printed
patterns were accurately aligned with the CAD drawings and there were no
instances of filament fusion at the vertices. Image analysis showed that the width
of printed filaments was 420 = 22um which was closer to the size of the nozzle
diameter with no shrinkage or swelling of the filament (Figure 18 b). The 3D
printed multilayer square grid construct also demonstrated pattern similar to the
CAD drawings (Figure 18 c¢). The inter-filament spacing in the construct thereby
creates a grid pattern which facilitates sufficient mass transfer of nutrients and

oxygen to the cells, and also helps in removal of metabolic wastes.

4.6 Stability analysis of 3D printed multilayer grid construct

Polymeric hydrogels have a tendency to exhibit poor long-term fidelity due
to their inherent swelling and shrinking properties (Chen et al., 2021). Therefore,
it is important to ensure that the printed construct remains stable under
physiological conditions. A qualitative analysis of the printed constructs after
incubation in culture media at 37 °C revealed that the size of the constructs was
reduced while their shape remained unaffected. It has been reported that the gelatin
blended along with low concentration of GeIMA gradually dissolves when the
temperature rises above the gel point of gelatin and this loss of gelatin does not

affect the scaffold geometry (Yin et al., 2018).
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The % water content in the printed construct analyzed from day 1 to day 7
showed a consistent value of 88%. It has been reported that higher water content
promotes hydrolytic degradation of hydrogels (Zustiak and Leach, 2010).
Therefore, the reduction in size of the construct might be due to the hydrolytic
degradation of GeIMA in addition to the release of gelatin from the printed
construct. During clinical application, it is essential for the biomaterials to undergo
degradation over time to provide adequate time to initiate tissue healing
(Amukarimi and Mozafari, 2021). As a result, it is necessary to slow the

degradation rate of printed constructs.
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Figure 19. Analysis of multilayer printed grid construct (a) Photographs of the
3D printed GelMA-G constructs after incubated in culture medium for different
time points, (b) Graph depicts the water content % in the printed construct, (c)
Graph depicts the weight loss (%) of GeIMA-G constructs crosslinked for 3 min
and 5 min.
The number of crosslinks in the hydrogel network determines the
degradation rate of hydrolytically degradable gels. It has been reported that by

varying either the macromer concentration, photoinitiator concentration or UV

exposure time, the degradation rate can be tailored (Zhao et al., 2020). Therefore,

129



the stability of the 3D printed construct was further analyzed after increasing UV

exposure time from 3-5 min.

The quantitative analysis of weight loss of the 3D printed constructs
crosslinked under UV for 3 min and 5 min is shown in Figure 19. The results show
that in case of 3D printed constructs crosslinked for 3 min, experienced a decrease
of 43.3 + 3% on day 1 after being incubated in culture media at 37 °C, followed
by a further decrease of 46.9 + 6% on day 3. Subsequently, no significant weight
loss was noted until day 7 (48.2 = 5%). On the other hand, when the constructs
were stabilized by UV exposure for 5 min, there was a reduction of only 18.6 £
3% on day 1, which then reached 29.5 + 4% from day 3 and remained consistent
until day 7. Therefore, the initial weight loss in constructs crosslinked either for 3
min and 5 min may be attributed to the release of gelatin from the construct, as
previously discussed. As a result, by increasing the crosslinking time, the weight
loss from the construct due to hydrolytic degradation could be minimized and

thereby increases the stability of the construct.

4.7 Hemocompatibility evaluation of GelMA-G construct

Hemocompatibility of blood-contacting biomaterials is an important
criterion to be considered for their successful invivo applicability.
Hemocompatibility can be estimated by measuring the released hemoglobin into
blood plasma upon exposure of whole blood to hydrogels (Li et al., 2013). The
percentage hemolysis in plasma after exposure of whole blood to GelMA-G
hydrogels was 0.04 %. The percentage hemolysis observed for negative control

was 0.03 %. According to ASTM F-756-17 standard, hemolysis up to 5% is
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regarded as non-hemolytic and can be considered as blood compatible (Luna-
Véazquez-Goémez et al., 2021). Hence, it was demonstrated that GelMA hydrogel

exhibit compatibility with blood.

e @
(=] [ =]
&~ L5
1 1

0.03-

0.02-

% Hemolysis

=2 B2
o o
[ =] -
L 'l

GelMA-G TCPS
Figure 20. Hemocompatibility of GeIMA-G hydrogel. Graph depicts the %
haemolysis of GeIMA-G and negative control (TCPS).

4.8 3D bioprinting of liver with GelMA-G bioink formulation

Liver tissue constructs containing 6x10° HepG2 cells/construct was
fabricated using extrusion-based 3D bioprinting. The constructs were accurately
aligned with the CAD drawings and maintained the shape fidelity after bioprinting
(Figure 21b). The cells were uniformly distributed throughout the construct
(Figure 21¢) and maintained the cell viability after culturing for 7 days (Figure
21d). HepG2 cells, one of the liver cancers derived cells serves as a suitable cell
line for in vitro studies of bioprinted liver tissues (Jeon et al., 2017).

Albumin synthesis and urea secretion are important parameters analyzed
for evaluating liver specific function of biofabricated tissue. Albumin is the most
abundant circulating protein found in plasma secreted by liver. It represents half

of the total protein content and acts as the most significant modulator of plasma

131



oncotic pressure and functions to transport a variety of ligands (Moman et al.,
2017). Liver is the only organ that contains the enzymes required for urea synthesis
from ammonia detoxification (De Chiara ef al., 2018). The functional capability
of bioprinted HepG2 construct was monitored for a period of 7 days, and the
results showed that the secretion of albumin and urea increased linearly in culture
((Figure 21e and f). Therefore, the results suggest that the GeIMA-G bioink
formulated from in-house synthesized GeIMA qualifies as a suitable bioink for 3D

bioprinting liver.
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Figure 21. 3D bioprinting with HepG2 cells. (a) Photograph showing pneumatic
extrusion of GeIMA-G bioink on multi-well plate, (b) Images of top and side
view of the Bioprinted liver construct, (c) Phase contrast image showing the
distribution of HepG2 cells within the bioprinted construct, (d) Viable cells in
bioprinted construct after 7 days of culturing, (e & f) The bioprinted HepG2
construct exhibited linear increase in albumin and urea secretion.
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4.9 Phototoxicity analysis in GelMA encapsulated cells

It is well known that UV exposure causes generation of Reactive Oxygen
Species (ROS) in cells. One of the commonly used methods to detect ROS is by
measuring the fluorescence caused by the conversion of non-fluorescent DCFDA
dye, that enters the cell and undergoes conversion to fluorescent DCF in the
presence of ROS (Ribeiro et al., 2018). Therefore, to assess the phototoxicity in
cells caused by UV, the formation of intracellular Reactive Oxygen Species

(1IROS) in HepG2 cells during UV exposure was measured.
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Figure 22. Intracellular ROS production. ROS activity of GelMA encapsulated
and UV exposed cells (positive control) were normalized to ROS in normal cells
(negative control) that were not exposed to UV. (*** p =<0.0001, ns= non-
significant). [Reproduced from Anupama Sekar J et al 2023 Biomed. Mater. 18
044101 DOI: 10.1088/1748-605X/acd82f]

The levels of iROS in HepG2 cells encapsulated in GelMA formulation

were compared to normal cells (negative control) and UV-exposed cells (positive
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control). The results, shown in Figure 22, indicate that the UV-exposed cells
exhibited a 450 + 16% increase in ROS production compared to the normal cells.
The GelMA encapsulated cells also showed significantly higher ROS activity,

reaching upto 370 = 30% compared to the negative control.

GelMA is a very well established bioink system for 3D bioprinting of liver
tissues as previously discussed. However, there are reports suggesting that the cells
can be negatively affected by the free-radical species generated in the presence of
photoinitiators during UV exposure (Han ef al., 2019). Hence when cells are
encapsulated in GeIMA-G solution and crosslinked with UV it can also affect the
cells. This issue is particularly concerning in the field of bioprinting, where cells
are encapsulated within the hydrogel and the presence of radicals raises concerns
about the possibility of cytotoxicity. It has also been reported that photoinitiator
based systems cause a strong upregulation of reactive oxygen species associated
genes, whereas ROS was undetected in radical free photoresins (Rizzo et al.,

2023).

Therefore, the detection of iIROS level in encapsulated cells demonstrates
that a significant amount of free radicals were produced during photo-crosslinking
of GeIMA. The results were consistent with previous reports which also showed
the extensive intracellular ROS production, confirming that UV light has a
physiological impact by forming reactive oxygen species inside cells encapsulated
in GeIMA (Pai et al., 2022a). Thus, it is necessary to develop a GeIMA bioink
formulation that effectively addresses this limitation. Hence, it was looked deep
into the requirement of free radical scavengers in the GelMA based bioink. A

synergistically interacting molecules such as Ascorbic acid and a-Tocopherol was
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selected to improve the radical scavenging activity and formulate bioink with

antioxidant cocktails to make it photoprotective bioink.

4.10 Formulation of GelMA loaded with Antioxidant cocktails

The use of antioxidants as photoprotectants have been extensively
documented in the literature. Antioxidants are molecules that are stable enough to
donate electron to free radical and neutralize it, thereby reducing its ability to cause
damage. These antioxidants delay or prevent cellular damage primarily by
scavenging free radicals (Lobo et al., 2010). Non-enzymatic antioxidants such as
a-Tocopherol (vitamin E), Ascorbic acid (vitamin C), and carotenoids (vitamin B)
are well-known antioxidants in living system. It has been reported that addition of
3.4mM Ascorbic acid in the GeIMA bioink can neutralize the excessive ROS
generated during UV exposure (Pai et al., 2022a). Furthermore, researchers have
shown that combining Ascorbic acid and a-Tocopherol provides better UV
protection on skin than either Ascorbic acid or a-Tocopherol acting alone (Lin e?
al., 2003, Rozman and Gasperlin, 2007). Therefore, Ascorbic acid and o-
Tocopherol was loaded into GeIMA-G bioink formulation for reducing ROS

production and thereby develop a photoprotective bioink.

The concentration of Ascorbic acid utilized for the formulation was 3.4
mM which was a concentration below its IC50 on HepG2 cells as reported by Pai
et al. (Pai et al., 2022a). In case of a-Toc it has been reported that 100 uM of a-
Toc provides a protective effect against UVAI (340400 nm)-induced DNA
damage in keratinocytes in vitro (Delinasios et al., 2018). While finalizing the

concentration of a-Tocopherol to be added in the bioink formulation it is important

135



to incorporate a-toc at a concentration lower than its IC50 because higher
concentration can cause cytotoxic effects. Hence, the half inhibitory concentration
of a-Toc on HepG2 cells was estimated. It was observed that at 154.4 mM
concentration (Figure 23), resulted in 50% loss in viability of HepG2 cells. So, it
was decided that the photoprotective concentration of 100 uM which is previously

reported can be used in the formulation of bioink.
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Figure 23. Dose response of a-Tocopherol on HepG2 cells.

Therefore, 5% GelMA+3% gelatin with 3.4 mM Ascorbic acid and 100
uM o-Toc was formulated as GeIMA Antioxidant cocktail bioink (GelIMA-G-
AO). It is also important to add antioxidants in a way that does not significantly
alter the crosslinking time of base GeIMA-G bioink formulation (5% GelMA +
3% gelatin). The crosslinking time for the 3D printed construct was optimized at
5 min based on stability analysis (Figure 19). It was observed that the addition of
3.4 mM Ascorbic acid and 100 pM o-Toc did not significantly affect the

crosslinking time of the GeIMA formulation.
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Figure 24. Photocrosslinkability of GelMA-G in presence of antioxidants.
Photographs of the crosslinked hydrogels taken after 5 min of UV exposure.

4.10.1 Photoprotective analysis of Antioxidant loaded GelMA-G formulation

The photoprotective effect of GelMA-G bioink formulated with Ascorbic
acid and a-Tocopherol was analyzed by measuring iROS production. The result
showed that th e cells encapsulated in GeIMA-G+AA and GelIMA-G+a-Toc
produced significantly lower levels of ROS activity (38 £ 1% and 57 £+ 3%,
respectively) compared to those encapsulated in GeIMA-G alone. It was also
evident from the result that the antioxidant cocktail system, i.e. GeIMA-G with a
combination of Ascorbic acid and a-Tocopherol (GelMA-G+AA+aToc)
performed more effectively in providing photoprotection than either antioxidant
acting alone, with only 29 + 0.4% ROS activity compared to GelMA-G. Therefore,
the combination system GelMA-G+AA+aToc indicated as GelMA-G-AO

(GelMA-Antioxidant) was further studied.
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Figure 25. Photoprotective property of antioxidant loaded GeIMA formulations.
ROS activity in cells encapsulated in GeIMA was considered as 100%. ROS
activity in antioxidant loaded GelMA hydrogels were compared with GelMA.
Combination of AA and a-Toc loaded GelMA showed lesser ROS activity
compared to all the formulations individually taken. (*** p =<0.001, ns= non-
significant). [Reproduced from Anupama Sekar J et al 2023 Biomed. Mater. 18
044101 DOI: 10.1088/1748-605X/acd82f]

Researches have shown that vitamin E and C work synergistically. When
vitamin E scavenges active free radicals, it is converted into vitamin E radical,
which could potentially harm polyunsaturated lipids and cause chain oxidation.
Whereas in presence of vitamin C, it helps in restoring vitamin E by reducing
vitamin E radical, thereby preventing further oxidation caused by the vitamin E
radical (Niki, 2010). It is known that ascorbate is an efficient reductant of a-
tocopheroxyl radical. This ability of ascorbate to rapidly reduce a-tocopheroxyl
radical has been observed in studies using pulse radiolysis and electron

paramagnetic resonance (Niki, 2014). Thus, vitamin C helps regenerate the radical

form of vitamin E, thereby enhancing its protective capabilities.
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Figure 26. Schematic representation illustrating the synergistic effect of
Ascorbic acid and o-Tocopherol incorporated GelMA bioink under UV
exposure. In presence of Ascorbic acid, a-Tocopherol radicals generated are
converted back into a-Tocopherol.

In the GeIMA bioink loaded with antioxidant cocktail system (GelMA-G-
AOQ), vitamin E acts as a scavenger of active free radicals generated during photo-
crosslinking. As a result, vitamin E is oxidized to form vitamin E radicals. In the
presence of vitamin C, vitamin E radicals are then converted back to vitamin E,
aiding in the elimination of additional free radicals. The synergistic interaction
between Ascorbic acid and a-Tocopherol was evident in the outcome that resulted

in enhanced photoprotection when used in combination.

4.10.2 Cell viability

The viability of HepG2 cells encapsulated in GelMA-G-AO hydrogel
showed significantly higher viability after 24h of culturing when compared with
GelMA-G encapsulated cells. It is well known that oxidative stress affect cell
viability and the inclusion of antioxidants in the GeIMA-G formulation reduced

oxidative stress and thereby improved cell survival.
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Figure 27. Viability analysis of GelMA-G and GelMA-G-AO encapsulated cells
(***p =<0.0001).

Studies have shown that cells cryopreserved with a-Tocopherol showed
increased cell viability due to the reduction of ROS production (Aliakbari et al.,
2017). Similarly, the effectiveness of Ascorbic acid in neutralizing free radicals
and minimizing the negative effects of photoinitiators was studied and the results
indicated that treatment with Ascorbic acid had a substantial positive impact on
cell viability (Sabnis et al., 2009). In another study it was reported that the
combination treatment of a-Tocopherol and Ascorbic acid increases viability of
PC12 cells from melamine induced injury through the downregulation of oxidative

stress (An et al., 2014).

Therefore, the photoprotective GeIMA based bioink formulation GelMA -

G-AO was further evaluated.
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4.11 Biological evaluation of GelMA-G-AO hydrogel
4.11.1 Cytotoxicity evaluation of GelMA-G-AO hydrogel

To determine whether direct contact with antioxidant-loaded hydrogel or
leachants from the hydrogel has any toxic effect on cells, an in vitro cytotoxicity
analysis of the GeIMA-G-AO hydrogel based on ISO 10993-5 was performed on
L-929 cells. From the direct contact test, it was observed that cells had no cytotoxic

reactivity under or around the hydrogel indicating GeIMA-G-AOQ is non-cytotoxic.

Similarly, the cytotoxicity due to the potential leachants from GelMA-G-
AO hydrogel analyzed by test on extract method also showed that cells did not
show change in morphology when compared with untreated cells. The MTT assay
followed by treatment with extracts revealed that 100%, 50%, and 25% GelMA-
G-AO extracts had mean cell activity levels greater than 100%, with no
statistically significant difference from the cell control (Figure 28 b). Therefore, it
was confirmed that leachants from the GeIMA-G-AO hydrogel also did not cause

cytotoxicity.
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Figure 28.Cytotoxicity analysis of GeIMA-G-AO hydrogel. (a) L-929 cells after
24h direct contact with GeIMA-G-AQ, negative control and positive control. (b)
Test on extract analysis showing [.-929 cells after 24 h treatment with dilutions of
GelMA-G-AO extract, Cell control and dilute phenol. (c) Graph showing cell
activity of cells determined by MTT assay at the end of Test on Extract.
[Reproduced from Anupama Sekar J ef al 2023 Biomed. Mater. 18 044101 DOI:
10.1088/1748-605X/acd82f]

4.11.2 Cytocompatibility evaluation of GelMA-G-AO hydrogel

Cell adhesion studies showed that GeIMA-G-AO hydrogel facilitated
HepG2 cell attachment on hydrogel coated wells enabling the cells to attain

morphology (Figure 29a and a’).
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Figure 29. Cytocompatibility of GeIMA-G-AO (a) Cytoskeletal staining (red) of
HepG?2 cells adhered on GelMA-G-AO hydrogel. (a’) Magnified area showing cell
morphology and spreading. Cell nuclei were counter stained (blue) to identify the
cells. HepG2 cells encapsulated in GelMA hydrogel showing viability (green) at (b)
0 h and (c) 24 h of encapsulation. (d) Proliferation of HepG2 cells encapsulated in
GeIMA-G-AO (***p =<0.0001). Scale bar 200pm [Reproduced from Anupama
Sekar J ef al 2023 Biomed. Mater. 18 044101 DOI: 10.1088/1748-605X/acd82f]

The viability of HepG2 cells encapsulated in the GeIMA-G-AO hydrogel
showed that cells were viable immediately after crosslinking and after 24h of

culturing (Figure 29b). The proliferation of HepG2 cells encapsulated in the
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GelMA-G-AO hydrogel analyzed by the CCK-8 assay is shown in Figure 29d. The
measurement of cell activity on the 7" day following cell encapsulation, when
compared to the measurement on day 1, revealed a notable rise in cell activity from

day 1 to day 7, which could potentially be attributed to cell proliferation.

The properties of GeIMA which makes them cytocompatible was not
significantly affected by the addition of antioxidants to the base GelMA
formulation and therefore confirms that GeIMA-G-AO hydrogel qualifies one of

the ideal properties of bioink.

4.12 Rheological properties of GelMA-G-AO bioink formulation

The rheological properties of GelMA-G-AO formulation with regard to
temperature, shear rate and UV exposure time was assessed to determine whether
addition of antioxidants has caused significant changes in the critical rheological
characteristics of base GelMA-G bioink formulation. A temperature sweep
analysis of GeIMA-G-AO formulation conducted in the range of 8-24 °C is shown
in Figure 30a. Temperature sweep analysis revealed the thermoresponsive nature
of GelMA-G-AO formulation, with a sol-gel transition temperature at 18-20 °C,
allowing for 3D bioprinting at this temperature. The nature of the curve was similar

to that observed in GelMA-G formulation (Figure 15a).

The shear-thinning property of the GeIMA-G-AO formulation which is
necessary for formation of smooth filaments during extrusion as well as for
maintenance of cell survival was also evident from the viscosity curve shown in
Figure 30b. The viscosity is seen to linearly decrease with increase in shear,

indicating the shear-thinning behavior of the GeIMA-G-AO formulation.
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The addition of antioxidants may hamper crosslinking ability (Sabnis et
al., 2009). Dynamic crosslinking analysis revealed an increase in the storage
modulus with respect to increasing UV exposure time from 50-200 s is shown in
Figure 30c. The storage modulus is found to increase exponentially from 50-200 s
indicating that the GeIMA-G-AO solution undergoes crosslinking. The results
were consistent with rheological data of base GeIMA-G bioink formulation which
confirms that the addition of antioxidants did not affect gelation temperature,

shear-thinning behavior and photocrosslinkability of base GelMA-G bioink

formulation.
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Figure 30. Rheological behaviour of GeIMA-G-AO bioink formulation (a)
Temperature sweep analysis showing the increase in viscosity of GelMA-G-AO
with respect to decrease in temperature, (b) Dynamic viscosity analysis showing
the decrease in viscosity as shear rate increases. (c) The increase in storage
modulus with respect to UV exposure time. [Reproduced from Anupama Sekar J
et al 2023 Biomed. Mater. 18 044101 DOI: 10.1088/1748-605X/acd82f]
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4.13 Printability evaluation of GelMA-G-AO bioink formulation

The printability of GeIMA-G-AO formulation was evaluated by printing
single layer patterns and multilayer constructs. Single layer patterns with various
angles were printed and the patterns were accurately aligned with the CAD
drawings and there were no instances of filament fusion at the vertices. The
multilayer square grid constructs with different dimensions were also successfully

printed using GeIMA-G-AO formulation (Figure 31a).

The 3D printed multilayer GelMA-G-AO construct was examined using
SEM analysis. The analysis demonstrated the grid structure of the construct and
also revealed its filamentous and porous characteristics, which included both
macro and micro pores (Figure 31 b). The average pore size measured by image
analysis was 102 £ 20 um. The pore size and porosity of scaffolds are important
for the diffusion of growth factors and the development of blood vessels, which
helps to maintain liver functions. Hepatocytes consume significantly more oxygen
than other cells, so the size of the pores in the scaffold is a crucial factor for the
transfer of oxygen and nutrients to support cell growth. It has been reported that
porous chitosan scaffolds with pore sizes ranging from 50 to 150 um provide ideal
conditions for hepatocyte culture (Wu et al, 2007). Also, for liver tissue
engineering, which involves a high density of cells, it has been noted that a
macroporous structure with pore sizes between 100-500 pum is needed for high-
density cell seeding and efficient supply of nutrients and oxygen to the seeded cells

(Park and Biomaterials, 2002).
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Figure 31. 3D Printing of constructs with GeIMA-G-AO formulation (a) Printed
patterns with GelMA-G-AO, (b) SEM image of GelMA-G-AO construct
showing porous nature [Reproduced from Anupama Sekar J et a/ 2023 Biomed.
Mater. 18 044101 DOI: 10.1088/1748-605X/acd82f]
The stability of the 3D printed GelMA-G-AO construct under
physiological conditions was analyzed based on weight loss over time. The
constructs were stable in culture medium at 37 °C and maintained their shape over

a period of 7 days (Figure 32). The quantitative analysis of weight loss shows that

there was a slight reduction of 12.6 + 6% on day 1 and, reaching up to 20.2 = 6%
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on day 3. On subsequent days, there were no further weight loss observed until
day 7 (20.7 = 6%) and the construct maintained 79.2 + 7% weight that of the

original weight after printed.
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Figure 32. Stability analysis of 3D printed GelMA-G-AO construct. (a) Images
of the 3D printed construct taken on different time points,(b) Graph depicts the
percentage weight loss of 3D printed constructs on day 1, 3 and 7. [Reproduced
from Anupama Sekar J etal 2023 Biomed. Mater. 18 044101 DOI:
10.1088/1748-605X/acd82f]

Another important factor to be considered is the stability of the construct
during in vitro maintenance at 37 °C in MEM culture medium. The stability of the
GelMA-G-AO construct after crosslinking for 5 min showed a similar trend as
observed in GelMA-G construct crosslinked for 5 min. Therefore, the weight loss

observed during the initial days could be attributed to the release of gelatin from

the construct and the release of gelatin has no significant effect on the shape or
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size of the constructs as previously discussed. The results show that the addition
of antioxidants to the bioink did not cause significant effect on the stability of the

printed construct.

4.14 Mechanical property

The compressive modulus of a hydrogel is a measure of its mechanical
strength or stiffness. It has been reported that the rigidity of ECM or the hydrogel
stiffness has a significant impact on cell behavior, proliferation, migration and
function. Studies have reported that hydrogel scaffolds with stiffness in the range
4-10 kPa promoted better maintenance of hepatocyte phenotype whereas stiffer
hydrogels (> 20 kPa) facilitated epithelial - to - mesenchymal transition and induce
apoptosis (You et al., 2013, Xia et al., 2020). The average compressive modulus
of 5% GelMA alone and 5% GelMA+3% gelatin + AO were 6.3 £ 0.5 kPa and 5.5
+ 0.7 kPa, respectively (Figure 33). This confirms that the mechanical strength of

GelMA remained unaffected by the addition of gelatin and antioxidants.
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Figure 33. Compressive modulus. The graph shows that there is no significant
difference in compressive modulus between GeIMA and GeIMA-G-AO.
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4.15 Three-dimensional bioprinting of liver construct with GelMA-
G-AO bioink

The main requirement for 3D bioprinting of liver constructs is the
fabrication of liver tissue that mimics the native tissue and exhibits liver-specific
functions. The liver tissue is made up of 70% parenchymal cells, 30% non-
parenchymal cells, and fewer ECM components. The ECM constitutes a small
portion, comprising less than 3% of the total area, within a normal liver section
(Gordillo et al., 2015). Thus, liver has a high cellular density (1.3 x 108 cells per
gram of tissue) and it is critical to achieve comparable densities during the
bioprinting process in order to accurately replicate the functional and
physiological aspects of native tissue (Leberfinger et al., 2019). Also, it has been
reported that maintaining high cell density within porous scaffolds is very
important to induce cell—cell interaction and communication, and thereby promote

hepatocyte function (Park and Biomaterials, 2002).

4.15.1 Optimization of cell concentration in bioink

As a preliminary step towards bioprinting of liver tissue with high cell
density, it is necessary to optimize the cell concentration in the bioink formulation.
Hepatocytes isolated from rat liver having viability >80% were used for bioink
preparation. The volume of bioink required for 3D printing multilayer grid
construct of size 10x10x2 mm was approximately 250 puL. Therefore, to achieve
the optimal cell concentration per construct, an initial study was conducted by
encapsulating cells at 1x10°%, 5x10° and 10x10° per 250 uL of hydrogel. The

optimal crosslinking time for the 3D printed construct was determined to be 5 min
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through stability analysis. Cell encapsulation analysis showed that within the same
time frame, stable hydrogels with shape fidelity were formed when using both
1x10° and 5x10° cells per gel (Figure 34a).

a Cell encapsulation

Cell conc./gel 1x10®  5x10° 10x10°

Top view

Side view

Figure 34. Encapsulation of hepatocytes at various cell concentrations.(a)
Crosslinked hydrogels containing cells with varying concentrations,
(b) Photographs of the cells encapsulated hydrogels taken after incubation in
culture medium on days 1 and 3.

However, a higher cell concentration of 10x10° cells per gel required
approximately 7 min to form a stable hydrogel. It was further observed that all the
crosslinked gels with different cell concentrations remained stable after culturing
for 24 h. However, the hydrogel containing 10x10° cells experienced deterioration
of gel integrity after 72 h of culturing in IMDM culture media at 37 °C, which

resulted in the release of the encapsulated cells (Figure 34b). Therefore, bioink

formulation with 4x10° cells/mL and 20x10° cells/mL concentrations of rat
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hepatocytes which results in cell concentrations 1x10° and 5%10° per hydrogel

were selected for further 3D Bioprinting studies.

4.15.2 Comparison between Bioprinted liver with 1M and SM cells/construct

The cell number for high cell density bioprinting was optimized at 4x10°
cells/mL and 20x10° cells/mL concentrations of rat hepatocytes. 3D Bioprinted
liver construct with 1x10° cells (1M) and 5x10%ells (SM) per construct is shown
in Figure 35a and b. Liver-specific functions in the 3D bioprinted constructs are
analyzed by measuring albumin and urea synthesis. Figure 35¢ demonstrates a
significant increase in albumin and urea secretion in the 5M cells/construct
compared to the 1M cells/construct. Albumin secretion in SM constructs (281 +
20 ng/mL) was approximately 5 times higher than in 1M constructs (53 + 7.2
ng/mL), indicating sustained protein synthesis in high cell density constructs. Urea
secretion in 5SM constructs (5 + 0.2 mg/dL) was 2.5 times higher than in 1M

constructs (2.2 = 0.05 mg/dL).
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Figure 35. 3D Bioprinted liver constructs with GelMA-G-AO bioink. Bioprinted
construct with (a & a’) 1 Million (1M) hepatocytes/construct and (b & b’) 5
Million (5M) hepatocytes/construct. Phase contrast images showing the cell
density within the 1M and 5M cells/bioprinted construct, (c) Albumin and Urea
secretion by bioprinted constructs on day 1. [Reproduced from Anupama Sekar
J et al 2023 Biomed. Mater. 18 044101 DOI: 10.1088/1748-605X/acd82f]
Histological analysis by H&E staining of 3D bioprinted liver constructs
with 1M and 5M cells/construct showed the arrangement of cells within the
hydrogel. The cells in the 1M constructs were scattered and spread out with
minimal cell-cell contact (Figure 36 a and a’). The 5M constructs showed better
cell packing and cells with increased interactions between cells and a lower

hydrogel content (Figure 36 b and b’). As mentioned earlier, normal liver

constitutes a small portion of ECM with higher density of cells (Gordillo et al.,
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2015). Therefore, SM construct more closely resembled native liver tissue due to
its higher cell density and lesser amount of hydrogel mimicking the lower ECM

content with more cell-cell interactions.

1M cells/construct

Figure 36. Histological analysis of bioprinted construct. H & E stained bioprinted
constructs with 1M hepatocytes/construct (a & a’) and bioprinted constructs with
5M hepatocytes/construct (b & b’). [Reproduced from Anupama Sekar J et al
2023 Biomed. Mater. 18 044101 DOI: 10.1088/1748-605X/acd82f]
Dvir-Ginzberg ef al. reported a three-dimensional hepatocyte construct
developed on alginate matrix (Dvir-Ginzberg et al., 2003). They studied the
significance of cell density on hepatocellular functions and demonstrated that

relative to low cell density constructs, cellular constructs with a higher cell density

displayed elevated liver-specific functions. Their study also showed that a higher
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cell density of 5 million cells/cm® maintained higher cell viability than those with
low cell density. Therefore, findings of this study exhibiting, 5 million cells per
construct (250 pL) with dimensions of 10x10x2 mm is equivalent to 40 million
cells/cm®. Therefore, based on the functional and histological evaluation, it can be

deduced that 3D bioprinted constructs with SM cells/construct showed enhanced

performance than those with 1M cells/construct.

4.15.3 Functional evaluation of Bioprinted liver with high cell density

It is necessary to ensure functionality of hepatocytes within the bioprinted
liver tissue for a longer duration in vitro. For in vivo evaluation of bioprinted liver
construct, the bioprinted liver will be transplanted within 5 days post printing.
Hence, the functional performance of the high cell density (5M) 3D bioprinted
constructs in exhibiting liver-specific characteristics over an extended period of 5
days was studied. The result showed a linear increase in both albumin and urea

over 5 days in culture (Figure 37a & b).
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Figure 37. Liver specific functions expressed by high cell density bioprinted
constructs with SM cells/construct (a) albumin and (b) urea in 5SM cells/construct
over 5 days in culture. [Reproduced from Anupama Sekar J et al/ 2023 Biomed.
Mater. 18 044101 DOI: 10.1088/1748-605X/acd82f]
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4.16 Bioprinting of liver construct with modified bioink formulation

In vivo transplantation of hepatic spheroids encapsulated in hydrogels
showed improvement in engraftment and survival of the cells (Lee et al., 2021c,
Abu-Absi et al., 2002). There were also reports demonstrating the combined
culturing of primary human hepatocyte (PHH) spheroids on hydrogel matrix
providing optimal environment for the PHH spheroids, allowing them to maintain
their differentiation and proliferative ability over a prolonged period of time (Rose
et al., 2021). High cell density culture improves the cell-cell contact by reduced
distance between cells that favors formation of cell aggregates through matrix
assisted spheroid formation (Zhang et al., 2020, Cui ef al., 2017). The structure of
these hepatic spheroids closely resembles the native liver tissue (Shibuya ef al.,

2021).

The 5M cells/construct bioprinted in this study crosslinked using Irgacure
2959 as photoinitiator did not organize into spheroids was not observed, despite
the high cell density and cell-cell interaction. In a study conducted by Villata, et al.
it was reported that spheroid formation was observed in 7.5% and 10% GelMA
formulations whereas not in 5% GeIMA due to its low crosslinking degree (Villata
et al., 2023). This indicates that the formation of spheroids is highly influenced by
the intrinsic properties of the hydrogel like crosslinking density thereby stiffness
and pore size. Modifying the hydrogel components allows adjustment of
microenvironment for cellular organization (Zhang et al., 2020). It was also shown
that hydrogel stiffness has an impact on spheroid formation i.e. too rigid matrix

makes spheroid expansion challenging by hindering cell movement and
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aggregation whereas soft and medium matrix encourages cell aggregation and
spheroid formation. Therefore, without increasing the polymer concentration, the
crosslinking density of hydrogel can be fine-tuned by either increasing the
concentration of Irgacure (photoinitiator used) or by increasing UV exposure.
However, higher concentration of Irgacure or increasing UV time can affect cell

viability (Zhao et al., 2020).

An alternative photoinitiator that is more water soluble than Irgacure 2959
used in GeIMA crosslinking is Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) (Nguyen et al., 2019). Research has shown that hydrogels crosslinked in
presence of LAP exhibit improved mechanical properties than hydrogels
crosslinked in the presence of Irgacure due to the increased number of crosslinks
between polymer chains (Elkhoury et al., 2023). However, it has also been
reported that LAP at concentration <0.5% was not found to be cytotoxic (Nguyen
et al., 2019). Therefore, for optimizing hydrogel for cellular organization, bioink
formulation with 5% GelMA, 3% gelatin and antioxidants were mixed with 0.25%

LAP as photoinitiator and was further analyzed.

4.16.1 ROS Activity

When the Irgacure was replaced with LAP as photoinitiator, the level of
iIROS produced during photo-crosslinking was measured to analyze the
photoprotective effect of antioxidants on GeIMA. The results showed that, in
comparison to the base GelMA-G+LAP bioink formulation, the cells encapsulated
in GeIMA-G-AO+LAP exhibited only ROS activity of 45.59 + 2% (Figure 38).

Furthermore, it was also observed that the decline in ROS generation in GeIMA-
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G-AO+LAP followed a similar trend to that of reduction in ROS activity observed
in GeIMA-G-AO+Irg when compared with GeIMA-G+Irg. Thus, regardless of the
photoinitiators used, the results demonstrate that the addition of antioxidants in the
GelMA bioink formulation offers photoprotection by reducing ROS generated

during UV irradiation.
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Figure 38. Intracellular ROS production in GeIMA and GelMA-G-AO. Graph
depicts the formation ROS under UV exposure in presence of Irgacure and LAP
as photoinitiators ((*** p =<0.001).

4.16.2 UV curing analysis

Dynamic crosslinking analysis shown in Figure 39 revealed that GelMA-
G-AO+LAP showed a sudden increase in the storage modulus within 60 s of UV
exposure indicating initiation of crosslinking and reached higher storage modulus
within 100 s and maintained constant storage modulus till 200 s of UV exposure.
Whereas in case of GeIMA-G-AO+Irg, storage modulus was slowly increasing as
UV exposure time increases and took 200 s to attain the storage modulus same as

that of GeIMA-G-AO-+LAP attained within 100 s. The result was consistent with

158



a previous report that compared between Irgacure 2959 and LAP as photoinitiators
for polyethyleneglycol diacrylate hydrogel and showed that LAP resulted in
gelation times that were lower than Irgacure 2959 when exposed to 365 nm light

at comparable concentrations and UV-A exposures (Fairbanks et al., 2009).
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Figure 39. UV curing analysis of GeIMA-G-AO. The graph shows the variation
of storage modulus of GeIMA-G-AO in presence of Irgacure and LAP as
photoinitiators with respect to increasing UV exposure time from 50-200 s.

This is because in case of Irgacure 2959, the peak absorbance is at 280 nm
with a tail absorption at 365 nm. This low absorbance at 365 nm makes
photoinitiated polymerization kinetics of Irgacure 2959 inefficient whereas LAP
has a maximum absorbance at 365nm and tail absorption in the visible range of

400420 nm. Thus, LAP has improved initiation efficiency and the shorter light

exposure times can yield sufficiently crosslinked hydrogels (Nguyen et al., 2019).

4.16.3 Mechanical property

The crosslinked GeIMA-G-AO+Irg and GelMA-G-AO+LAP hydrogel
samples prepared for compression testing is shown in Figure 40. The compressive

modulus of GeIMA-G-AO+Irg and GeIMA-G-AO+LAP was 3.9+ 0.2 and 5.7 £
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0.4 kPa kPa respectively. Therefore, the findings indicate that the maximum
absorption of LAP at 365 nm led to an increase in crosslinking density of GelMA-
G-AO resulting in an enhancement in its mechanical strength. These results align
with previous research that suggests hydrogels crosslinked with LAP demonstrate
improved mechanical properties compared to those crosslinked with Irgacure,
likely due to the increased number of crosslinks between polymer chains

(Elkhoury et al., 2023).
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Figure 40. Analysis of mechanical property. (a) Photocrosslinked GeIMA-G-
AO+LAP and GeIMA-G-AO+Irg hydrogels prepared for compression testing,
(b) Graph showing a significant difference in compressive modulus between
GeIMA-G-AO+LAP and GelMA-G-AO+Irg. (*** represents p-value >0.001).

4.16.4 Biological evaluation of GeIMA-G-AO+LAP

It is necessary to evaluate the GeIMA-G-AO formulation with 0.25% LAP
for its cytotoxicity. In vitro cytotoxicity analysis of the GeIMA-G-AO+LAP
hydrogel based on ISO 10993-5 by direct contact with L-929 fibroblast cells did
not show cytotoxic reactivity under or around the sample whereas the positive
control showed severe cytotoxic reactivity and negative control did not exhibit

cytotoxic reactivity (Figure 41 a).
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HepG2 cells encapsulated in the GelMA-G-AO+LAP hydrogel was found
to be viable after 24 h of culture which confirms that GelMA-G-AO with 0.25%

LAP is non-cytotoxic (Figure 41b).

GelMA-G-AO+LAP Negative control Positive control
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Figure 41. Biological evaluation of GeIMA-G-AO+LAP (a) Direct contact test
of GeIMA-G-AO+LAP on L-929 cells (Scale bar 100um), (b) Viability of
HepG2 cells encapsulated in GeIMA-G-AO+LAP (Scale bar 200pm).

4.16.5 Hepatic spheroid formation analysis

The encapsulation study showed that in GelMA-G-AO+LAP hydrogel,
hepatocytes aggregate within 24 h of culturing to form spheroids of size 99 + 8 um
(Figure 42 a), and further increase in spheroid size (159 £ 11 pm) and spheroid
fusion was observed after 48 h (Figure 42 b). In contrast, the cells encapsulated in
GelMA-G-AO+Irg despite showing cell-to-cell contact and distribution, cells did

not aggregate into spheroid even after 48h of culture.
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Figure 42. Spheroid formation analysis by cell encapsulation study. (a & b) Phase
contrast image of the cells taken after 24 h and (c, ¢’ & d) taken after 48 h when
encapsulated in GeIMA-G-AO+LAP and GelMA-G-AO+Irg respectively.

Cell aggregation is modulated by cell—cell contact rather than cell-matrix
contact, and an overly strong cell-matrix adhesion would prevent cell aggregation.
As previously discussed, there is correlation between hydrogel properties and
spheroid formation. Therefore, the increase in crosslinking density of GelMA-G-

AO when crosslinked with LAP has modified the hydrogel matrix to enable self-

organization of cells into spheroids.

The size of the spheroids is also an important factor to be considered as
spheroids require more oxygen and nutrients compared to single hepatocytes.
Studies have shown that hepatic spheroids larger than 200 um experiences a
critical decrease in oxygen concentration at the core (Curcio et al., 2007). Here, in
GelMA-G-AO+LAP, hepatocytes formed spheroids with acceptable size of less

than 200 pm.
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4.16.6 3D Bioprinting with GelMA-G-AO+LAP formulation

It has previously been reported that bioprinting primary human hepatocytes
and non-parenchymal cells on transwell culture inserts of multi-well plates
resulted in spheroids with improved hepatic characteristics (Deborah G.
Nguyen1*, 2016). Therefore, 5x10°cells containing hepatocytes and NPC at a 4:1
ratio was formulated with GeIMA-G-AO+LAP to 3D bioprint the liver construct
(Figure 43 a).

The constructs immediately observed after bioprinting appeared as
distributed single cells under phase contrast microscope (Figure 43b). After 24 h
of incubation, large number of spheroids were observed that has mean diameter of
145 £+ 20 pm (Figure 43¢ and c’). On further culture up to 48 h, the number of
spheroids increased with mean diameter up to 171£20 pum (Figure 43d and d’).
The cellular organization of bioprinted construct analyzed by histological method
showed compact plate like arrangement in spheroids. Multiple spheroids spaced

64.7 £ 13 um apart partially mimics the native liver.
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Figure 43. Spheroid formation in bioprinted liver construct. (a) Photograph of the
bioprinted liver construct taken immediately after crosslinking. Phase contrast image
of bioprinted construct at (b) Oh captured using 10X objective, (¢ & c¢’) 24h captured
using 10X and 20X objective, (d & d’) 48h captured using 10X and 20X objective
and (e & ¢’) H and E-stained image of the bioprinted construct cultured for 48h
captured using 10X and 20X objective. Red arrow head indicates the hydrogel and
yellow dotted line represents the spheroid within the bioprinted construct.

In comparison to cells encapsulated in hydrogel shown in Figure 42a, it
was noted that a higher number of spheroids were formed in the bioprinted
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construct. In hydrogel structures, oxygen and nutrient supply to cells relies on
diffusion through the culture medium. It has been reported that the larger spheroids
dimension in grid architecture could be attributed to the better exchange of oxygen
and nutrients, due to the higher surface area exposed to the cell culture medium
(Villata et al., 2023). Similarly, in another study it was also shown that the cells in
the inner region of a consolidated hydrogel layer in the sandwich model experience
impaired medium supply. As a result, the interconnected microchannels in the 3D
Printed grid structure allow for a greater inflow of culture medium than the
sandwich model, which facilitates mass transfer and more cell growth (He ef al.,

2022).

4.17 Biocompatibility evaluation of 3D printed construct

The in vivo biocompatibility of 3D Printed GeIMA-G and GeIMA-G-AO
construct was evaluated by ISO 10993-6 Biological Evaluation of Medical
Devices”- Tests for local effects after implantation. The steps in the surgical

procedure of subcutaneous implantation in rat is shown in Figure 44b.

165



Control sample

" - s

Figure 44. Subcutaneous implantation of 3D printed construct. (a) 3D printed
disc shaped construct of dimension 10%2 mm and collagen sample soaked in PBS
prepared for implantation. (b) Steps in subcutaneous implantation surgery 1)
Incision on dorsal skin surface, 2) Sample insertion on subcutaneous pocket, 3)
Suturing of incision and 4) Implanted sites

Subcutaneous implantation of 3D printed GeIMA-G+LAP and GelMA-G-
AO+LAP construct on rat models did not show any signs of mortality or morbidity
in animals. The surgical wound in the implantation site was completely healed

(Figure 45a). There were no gross pathological observations during necropsy in

any tissue.
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Figure 45. Observation at the end of experiment (a) Photograph of the rat captured
on day 28 indicating complete wound healing post-surgery (b) Gross pathology
of the implanted subcutaneous tissues.

Gross observation of implantation site after 28 days showed no signs of
inflammation, edema or toxicity in the tissue surrounding the implants. All test
samples were easily identifiable at the implanted site (Figure 45b). On the other
hand, control samples (Collagen) were not clearly visible at the site, indicating that
complete biodegradation that made collagen undistinguishable at the implanted
area.

In accordance with the gross observation, histological analysis of the
collagen implanted site also revealed that there were no traces of material in the
implantation site as well as no signs of foreign body reaction in the implanted site

or surrounding tissues (Figure 46).
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Figure 46. Histological examination of control implanted sites by H & E staining.
(a) Images captured using 10X objective (scalebar 1000pm) and (b) captured
using 20X objective (scalebar 500um)

In the case of both test samples (GelMA-G+LAP and GelMA-G-
AO+LAP) implanted site, histological analysis indicated the presence of residual
hydrogel in the tissue (Figure 47b and f) which confirms that the 3D printed
construct has not completed degraded upon implantation for 28 days. The presence

of fibrous capsule was also observed in the implantation site of GeIMA-G+LAP
and GeIMA-G-AO+LAP constructs (Figure 47b and f).

Histological analysis also revealed the formation of neovascularization in
the implanted tissue site of both GeIMA-G+LAP and GeIMA-G-AO+LAP (Figure
47c and g). Foreign body giant cells (FBGC) surrounding the material, and the

presence of other immune cells were also seen in the test sample implanted sites

(Figure 47d and h).
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Figure 47. Histological examination of 3D printed construct implanted sites. (a
& e) Dotted line depicts GelMA-G and GeIMA-G-AO implanted sites
respectively, (b & f) Asterisks indicates fibrous capsule and arrow head marks
the hydrogel residues, (¢ & g) black circle shows the presence of
neovascularization and (d & h) red arrows indicate FBGC in GeIMA and
GelMA-G-AO implanted sites respectively.

169



When a biomaterial is implanted into a body, foreign body reaction (FBR)
is initiated as a result of host response and the understanding of the FBR is
important to determine the efficiency of tissue-engineered construct for in vivo
application. The events in the foreign body reaction include injury, blood-material
interactions, provisional matrix formation, acute inflammation, chronic
inflammation, granular tissue development and the end stage of the FBR and
healing response is fibrous encapsulation (Anderson et al., 2008). The nature,
structure, size and form of the implanted biomaterials, the tissue area of
implantation, and period of observation after implantation influences the tissue
response to biomaterials (LuZzaji¢ Bozinovski et al, 2022). In case of
biodegradable materials, they are eventually metabolized by the body and
eliminated through physiological processes, hence they do not show persisting
FBR or do not cause fibrous capsule formation (Li and Zreigat, 2019). Therefore,
the absence of FBR at the control site may be due to the complete biodegradation
of collagen, while the FBR and fibrous capsule at the test site is likely due to

ongoing biodegradation of GelMA hydrogel within 28 days of implantation.

The formation of fibrous capsule around the implant may confine the
implant and prevents it from interacting with the surrounding tissue. In order to
ensure cell survival of cell-laden hydrogel in vivo, adequate vascularization is
required. Therefore, the thickness and vascularity of the capsule influence the
overall mass-transfer resistance of the tissue. Thicker or more dense capsules with
minimal vascular density may hinder the diffusion of analytes to and from the
implanted tissue construct. Tissues within the fibrous capsule develop a larger and
more complex network of blood vessels to guarantee proper oxygen and nutrient
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supply (Bartoli et al., 2010). Inflammatory cells may serve as a contributing factor
in the formation of angiogenic and neovascular responses via the production of
various angiogenic substrates. Here within fibrous capsule around implanted
hydrogel, presence of neovascularization seems to be promising for

biodegradation in vivo.

One of the immune cells formed during FBR are macrophages that acts as
a phagocyte and engulfs small particles of foreign substances and when the size of
material becomes larger (>100um), macrophages cannot engulf them, so they fuse
together and form foreign body giant cells. Also, it has been reported that
macrophages and FBGCs may persist for the lifetime of the implant and releases
mediators for biomaterial degradation (Sheikh et al., 2015). Therefore, the
presence of FBGC further confirms that GeIMA-G and GeIMA-G-AO hydrogel
was not completely degraded at time point of 28 days. It has been reported that as
the degree of methacrylation increases, the biodegradation time of GelMA
structures also increases (Koshy et al., 2014) (Nguyen et al., 2015) . Thus, the
histological examination suggests that both GeIMA-G and GeIMA-G-AO elicited

similar immune response when implanted subcutaneously in rat.

4.18 In vivo evaluation of 3D bioprinted liver construct

For evaluating the efficacy of bioprinted liver construct with GeIMA-G-
AO+LAP, bioprinted rat liver (5M cells/construct) of cylindrical shape and size
10 x 2 mm was transplanted into rat liver. Figure 48 shows the surgical steps

involved in the transplantation of bioprinted liver.
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Figure 48. Surgical steps in the transplantation of 3D Bioprinted Liver into rat
liver. 1) Anaesthetized rat, 2) Laparotomy 3) Creation of defect site 4)
Transplantation of bioprinted liver 5) Application of fibrin glue and 6) Sutured
incision
All the six animals recovered from the bioprinted liver transplantation
surgery on the following day, and the stitches were fully healed by day 7. The post-
operative observation up to 28 days showed that all the transplanted animals were

healthy without any sign of tissue rejection. The body weights of the animals were

as normal as they were consuming required food and water.
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Figure 49. Post-transplantation observations. (a) Liver construct transplanted
animal on day 1 post-surgery, (b) completely healed suture observed on day 7,
(c) animal on day 28 (d) Graph showing the increase in body weight of animals
from day 0 to 28.
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4.18.1 Biochemical analysis

Liver function tests (LFTs) indicate the health of the liver from the
quantitative information of proteins and enzymes in the blood. Any change in these
biochemical factors from normal range can indicate problems of liver. Here, liver
specific biochemical parameters were analyzed from serum samples collected
before and after transplantation in order to assess whether bioprinted liver
transplantation surgery and intake of immunosuppressants has affected the normal
functioning of the host liver. The reduction of serum albumin from the normal
range is a significant characteristic of liver damage (Lee et al., 2017). According
to the LFT on serum, the secretion of proteins, albumin and urea (Figure 50a, b
and ¢) did not exhibit a significant difference on days 7,14 and 28 when compared
with day prior to surgery (day 0).

Post operative changes in liver enzymes may indicate loss of liver function
or graft rejection. Aspartic aminotransferase (AST also known as glutamic
oxaloacetic transaminase [GOT]), Alanine aminotransferase (ALT also known as
glutamate pyruvate transaminase [GPT]) and Alkaline phosphatase (ALP) are
normally found in low levels in the blood. Therefore, elevated levels of AST, ALT
and ALP are considered as sensitive indicators of liver damage (Lee et al., 2017).
The results shown in Figure 50d indicates that the level of Serum glutamic
oxaloacetic transaminase (SGOT), Serum glutamate pyruvate transaminase
(SGPT) and ALP observed on days post-surgery remained within the normal range
as seen in the animals prior to surgery. As a result, the liver function test shows

proper functioning of liver with no signs of graft rejection.
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Figure 50. Serum analysis. Graphs depicts the non-significant difference in liver
functions from day 0 to 28.

4.18.2 Gross pathology

Animals were euthanized after 28 days post transplantation by CO>
asphyxiation and the implant site was surgically retrieved. There were no gross
pathological observations during necropsy in any of the tissue including the

transplantation site and the transplant was intact at the implant site (Figure 51).

Transplanted
site

Figure 51. Gross photographs of the liver with the transplant
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4.18.3 Histology

One of the main barriers to the clinical application of tissue-engineered
implants is inadequate vascularization. Lack of vascularization due to poor graft
integration can result in insufficient oxygen and nutrient supply, leading to

necrosis around implant and failure (Masson - Meyers et al.,, 2021). It is also

known that the implantation of any foreign material into the body causes cellular
and tissue responses. A series of events, such as interaction with blood
components, protein layer deposition on the biomaterial, formation of a
provisional matrix, immune cell recruitment, acute and chronic inflammation,
granulation tissue formation, foreign body reaction, fibrosis, and fibrous capsule
development, are triggered when an implanted material interacts with host tissue
(Kdmmerling et al, 2021). Therefore, tissue regeneration and healing after
biomaterial implantation depend on the host immune response; however, an

excessive response from the host can eventually lead to biomaterial failure.

The histological analysis by H&E staining of transplanted liver tissues with
3D bioprinted liver construct showed efficient integration of transplanted
bioprinted liver into the host liver (Figure 52a and b). The blood vessels were
observed extending from the host tissue into the transplanted bioprinted construct
(Figure 52c). The tissue repair was evidenced by the presence of microvasculature

within the bioprinted liver (Figure 52d).
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Figure 52. Histological details showing integration of 3D Bioprinted liver in rat
liver. (a & b) Images showing transplantation site, (c) Arrows indicating host
tissue-implant interface and arrow head shows vascularization into the transplant
(d) Arrow head indicates vascularization inside the bioprinted construct, (e)
Neovascularization sites indicated by black circles and (f) Arrow indicating
foreign body giant cells.

Histological analysis also revealed the presence of neovascularization in
the transplanted site (Figure 52e¢). Tissue exposure to biomaterials results in

foreign body response and the formation of foreign body giant cells (FBGCs) in
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the transplanted site indicating immune cell infiltration was also confirmed by
histo-analysis (Figure 52f).

The process of newly formed blood vessels growing into an implanted
tissue construct is called vascularization, and it is a very dynamic process. The
first stage of this process involves the expression of pro-angiogenic factors, such
as basic fibroblast growth factor (bFGF), vascular endothelial growth factor
(VEGF) etc. that are stimulated by the wound environment activates the host
microvasculature at the implantation site. The activation of angiogenesis initiates
endothelial cells in the host microvasculature to produce matrix metalloproteinases
and degrades basement membrane causing the host microvasculature to move into
the surrounding interstitium which is displayed through the development of
vascular buds and sprouts. Thus, as time progresses, the sprouts develop into the
implanted tissue construct and establish connections with one another to create

new blood-perfused microvascular networks (Laschke and Menger, 2012).

The presence of immune cells would be necessary for successful
vascularization of a transplanted tissue construct to promote angiogenesis and
nourish the transplanted cells. Studies have shown that macrophages enhances
wound healing through the release of enzymes important for tissue reorganization
and angiogenesis (Salthouse et al, 2023). Therefore, the angiogenic growth
factors can be produced by the host tissue as a result of an inflammatory response
to the implant or as a result of tissue damage occurred during the transplantation

process (Laschke and Menger, 2012).
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It is also important to note that GeIMA, the hydrogel component in the
bioprinted construct retains the RGD motifs of gelatin despite the modification
with metharcylation and presence of RGD motifs initiates adherence of endothelial
cells which aids in vascularization (Heltmann-Meyer et al., 2021). Thus, the
histological examination reveals that the along with the immune cells, the presence
of RGD motifs in GeIMA hydrogel might have also favored vascularization in the

transplanted bioprinted construct.

In the case of large sized implanted biomaterials, macrophages cannot
engulf them, so macrophages fuse together and form a large sized cells known as
foreign body giant cells (Sheikh et al., 2015). The histological examination of
transplanted liver showed the presence of macrophages and FBGC without the
presence of fibrous capsule around the transplant site (Figure 52f). It has been
reported that macrophages and FBGCs may persist for the lifetime of the
implanted biomaterial and releases mediators for biomaterial degradation (Sheikh

etal., 2015).

Therefore, the histological studies suggests that there was no adverse
immune reaction to the allogenic cell laden constructs and efficient vascularization
was achieved in the transplanted bioprinted liver when examined after 28 days of

transplantation.
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Chapter 5

SUMMARY AND CONCLUSION

5.1 Summary

Three-dimensional liver bioprinting is an emerging technology in the field
of regenerative medicine that aids in the creation of functional tissue constructs
that can be used as transplantable organ substitutes. Gelatin Methacrylamide
(GelMA) which forms covalently cross-linked hydrogels under UV light (A=365
nm) exposure in the presence of a photoinitiator, is a widely used hydrogel in
bioink formulations for 3D bioprinting. After 3D bioprinting, the cell-laden
constructs were exposed to UV light and during this photo-crosslinking of GeIMA,
a significant number of free radicals are produced and it is well established that
exposure to UV light has a physiological impact by forming reactive oxygen
species inside cells. The present study puts forward for the development of GeIMA
bioink with photoprotective property for the biofabrication of liver tissue

constructs.

Towards achieving this goal, various objectives were formulated and were
successfully accomplished. The first and second objective was to synthesize,
characterize and evaluate GeIMA formulation with photoprotective property for
its suitability as a bioink for 3D bioprinting of liver constructs. The phototoxicity

analysis in cells encapsulated in GeIMA showed significantly higher ROS levels
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than cells not exposed to UV light. To overcome this drawback, GeIMA bioink
was modified by incorporating cocktail of antioxidants such as Ascorbic acid and
o-Tocopherol in order to provide protection to the cells from ROS. Analysis of
ROS production in cells encapsulated in GelMA loaded with a cocktail of
Ascorbic acid and a-Tocopherol showed a significant influence in reducing
intracellular ROS compared to either antioxidant used alone. Also, GelMA and its
photoprotective bioink formulation exhibited good cytocompatibility, excellent

printability and shape fidelity.

To achieve the highest level of functional performance in bioprinted
constructs, it is necessary to mimic the cell arrangement and microenvironment of
the native tissues. Hence, it would be preferable to consider the high cell density
of hepatocytes and a low ECM compartment in biofabricated tissue. Therefore,
bioprinted liver construct with 5 million cells/construct was biofabricated and it
showed better cell-cell interaction and functionality. Additionally, a modification
in the photoinitiator used from Irgacure to LAP, hydrogel matrix promoted self-
organization of cells encapsulated in hydrogel into spheroids. After in vitro
studies, the third objective was to evaluate biocompatibility of 3D Printed

constructs in vivo.

The final objective of the study was to evaluate efficiency of bioprinted
liver followed by transplantation into rat liver. The biochemical and histological
studies suggests that there was no adverse immune reaction to the allogenic cell
laden constructs and efficient vascularization was achieved in the transplanted

bioprinted liver when examined after 28 days of transplantation.
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The following points highlights the outcomes of the study

1. A novel photoprotective GeIMA based bioink (GeIMA-G-AO) was
formulated for fabrication of bioprinted liver constructs with high cell

density.

2. The modification of hydrogel by increasing the crosslinking density of
GelMA-G-AO with LAP as photoinitiator has allowed the hydrogel
matrix to self-organize the cells to form spheroids within the bioprinted

construct.

3. The in vivo transplantation of the allogenic cell laden bioprinted liver
constructs into rat liver showed efficient tissue integration into host
liver and vascularization in the transplanted bioprinted liver when

examined after 28 days of transplantation.

5.2 Conclusion

that

Depending upon the results and inferences of the study, it can be concluded

1. The addition of antioxidants in GelMA bioink formulation could
reduce ROS production during photo-crosslinking and thereby

provides photoprotection to the cells.

2. The GelMA formulated with antioxidant cocktail system exhibited

ideal bioink properties for bioprinting liver tissue constructs.
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3. Bioprinting of liver tissues with high cell density exhibited improved
liver specific functions and histological resemblance with native liver

tissues.

4. In vivo transplantation study of bioprinted liver showed efficient tissue
integration into the host liver thereby providing a promising alternative

to donor organs for transplantation.

182



Chapter 6

BIBLIOGRAPHY

Abu-Absi, S. F., Friend, J. R., Hansen, L. K. & Hu, W.-S. J. E. C. R. 2002.
Structural polarity and functional bile canaliculi in rat hepatocyte
spheroids. 274, 56-67.

Adeva, M. M., Souto, G., Donapetry, C., Portals, M., Rodriguez, A. & Lamas, D.
J.N. 1. 2012. Brain edema in diseases of different etiology. 61, 166-174.

Ali, A. S., Wu, D., Bannach-Brown, A., Dhamrait, D., Berg, J., Tolksdorf, B.,
Lichtenstein, D., Dressler, C., Braecuning, A. & Kurreck, J. J. M. T. B.
2024. 3D bioprinting of liver models: A systematic scoping review of
methods, bioinks, and reporting quality. 100991.

Aliakbari, F., Sedighi Gilani, M. A., Yazdekhasti, H., Koruji, M., Asgari, H. R.,
Baazm, M., Izadyar, F., Kharrazi Nejad, E., Khanezad, M., Abbasi, M. J.
A. C., Nanomedicine, & Biotechnology 2017. Effects of antioxidants,
catalase and a-tocopherol on cell viability and oxidative stress variables
in frozen-thawed mice spermatogonial stem cells. 45, 63-68.

Amukarimi, S. & Mozafari, M. J. M. 2021. Biodegradable magnesium-based
biomaterials: an overview of challenges and opportunities. 2, 123-144.

An, L., Li, Z. & Zhang, T. J. F. R. R. 2014. Reversible effects of vitamins C and
E combination on oxidative stress-induced apoptosis in melamine-treated
PC12 cells. 48, 239-250.

Anderson, J. M., Rodriguez, A. & Chang, D. T. Foreign body reaction to
biomaterials. Seminars in immunology, 2008. Elsevier, 86-100.

Anupama Sekar, J., Athira, R., Lakshmi, T., Velayudhan, S., Bhatt, A., Anil
Kumar, P., Kasoju, N. J. B. I. T. E. & Approaches, R. M. F. B. C. T. S. O.
T. A. 2021. 3D bioprinting in tissue engineering and regenerative
medicine: current landscape and future prospects. 561-580.

Ashammakhi, N., Ahadian, S., Xu, C., Montazerian, H., Ko, H., Nasiri, R.,
Barros, N. & Khademhosseini, A. J. M. T. B. 2019. Bioinks and
bioprinting technologies to make heterogeneous and biomimetic tissue
constructs. 1, 100008.

Barakat, O., Abbasi, S., Rodriguez, G., Rios, J., Wood, R. P., Ozaki, C., Holley,
L. S. & Gauthier, P. K. J. J. O. S. R. 2012. Use of decellularized porcine
liver for engineering humanized liver organ. 173, el1-e25.

Bartoli, C. R., Nadar, M. M. & Godleski, J. J. J. A. O. 2010. Capsule thickness
correlates with vascular density and blood flow within foreign-body
capsules surrounding surgically implanted subcutaneous devices. 34, 857-
861.

Bedossa, P. & Paradis, V. 2003. Liver extracellular matrix in health and disease.
J Pathol, 200, 504-15.

183



Bhatia, S. N., Underhill, G. H., Zaret, K. S. & Fox, 1. J. J. S. T. M. 2014. Cell and
tissue engineering for liver disease. 6, 245sr2-245sr2.

Bhise, N. S., Manoharan, V., Massa, S., Tamayol, A., Ghaderi, M., Miscuglio, M.,
Lang, Q., Zhang, Y. S., Shin, S. R. & Calzone, G. J. B. 2016. A liver-on-
a-chip platform with bioprinted hepatic spheroids. 8, 014101.

Biatkowska, K., Komorowski, P., Bryszewska, M. & Milowska, K. J. . J. O. M.
S. 2020. Spheroids as a type of three-dimensional cell cultures—examples
of methods of preparation and the most important application. 21, 6225.

Billiet, T., Gevaert, E., De Schryver, T., Cornelissen, M. & Dubruel, P. 2014. The
3D printing of gelatin methacrylamide cell-laden tissue-engineered
constructs with high cell viability. Biomaterials, 35, 49-62.

Bom, S., Ribeiro, R., Ribeiro, H. M., Santos, C. & Marto, J. J. 1. J. O. P. 2022. On
the progress of hydrogel-based 3D printing: Correlating rheological
properties with printing behaviour. 615, 121506.

Brovold, M., Almeida, J. 1., Pla-Palacin, 1., Sainz-Arnal, P., Sanchez-Romero, N.,
Rivas, J. J., Almeida, H., Dachary, P. R., Serrano-Aull6, T. & Soker, S. J.
N. B. F. R. M. 2018. Naturally-derived biomaterials for tissue engineering
applications. 421-449.

Bryant, S. J., Nuttelman, C. R. & Anseth, K. S. J. J. O. B. S., Polymer Edition
2000. Cytocompatibility of UV and visible light photoinitiating systems
on cultured NIH/3T3 fibroblasts in vitro. 11, 439-457.

Caliari, S. R. & Burdick, J. A. J. N. M. 2016. A practical guide to hydrogels for
cell culture. 13, 405-414.

Chan, V., Zorlutuna, P., Jeong, J. H., Kong, H. & Bashir, R. J. L. O. A. C. 2010.
Three-dimensional photopatterning of hydrogels using stereolithography
for long-term cell encapsulation. 10, 2062-2070.

Cheemerla, S. & Balakrishnan, M. J. C. L. D. 2021. Global epidemiology of
chronic liver disease. 17, 365.

Chen, H., Fei, F., Li, X., Nie, Z., Zhou, D., Liu, L., Zhang, J., Zhang, H., Fei, Z.
& Xu, T. J. R. B. 2021. A facile, versatile hydrogel bioink for 3D
bioprinting benefits long-term subaqueous fidelity, cell viability and
proliferation. 8, rbab026.

Chiang, J. 2014. Liver Physiology: Metabolism and Detoxification. Pathobiology
of Human Disease.

Cox, C. R, Lynch, S., Goldring, C. & Sharma, P. 2020. Current Perspective: 3D
Spheroid Models Utilizing Human-Based Cells for Investigating
Metabolism-Dependent Drug-Induced Liver Injury. Front Med Technol,
2,611913.

Cui, J., Wang, H., Shi, Q., Sun, T., Huang, Q. & Fukuda, T. 2019. Multicellular
Co-Culture in Three-Dimensional Gelatin Methacryloyl Hydrogels for
Liver Tissue Engineering. Molecules, 24.

Cui, X., Hartanto, Y. & Zhang, H. J. J. O. T. R. S. . 2017. Advances in
multicellular spheroids formation. 14, 20160877.

Curcio, E., Salerno, S., Barbieri, G., De Bartolo, L., Drioli, E. & Bader, A. J. B.
2007. Mass transfer and metabolic reactions in hepatocyte spheroids
cultured in rotating wall gas-permeable membrane system. 28, 5487-
5497.

184



D O’connell, C., Onoftillo, C., Duchi, S., Li, X., Zhang, Y., Tian, P., Lu, L.,
Trengove, A., Quigley, A. & Gambhir, S. J. B. 2019. Evaluation of
sterilisation methods for bio-ink components: gelatin, gelatin
methacryloyl, hyaluronic acid and hyaluronic acid methacryloyl. 11,
035003.

De Chiara, F., Heebgll, S., Marrone, G., Montoliu, C., Hamilton-Dutoit, S.,
Ferrandez, A., Andreola, F., Rombouts, K., Grenbak, H. & Felipo, V. J. J.
O. H. 2018. Urea cycle dysregulation in non-alcoholic fatty liver disease.
69, 905-915.

Deborah G. Nguyenl*, J. F., Justin B. Robbin 2016. Bioprinted 3D Primary Liver
Tissues Allow Assessment of Organ-Level Response to Clinical Drug
Induced Toxicity In Vitro.

Delinasios, G. J., Karbaschi, M., Cooke, M. S. & Young, A. R. J. S. R. 2018.
Vitamin E inhibits the UVAI induction of “light” and “dark™ cyclobutane
pyrimidine dimers, and oxidatively generated DNA damage, in
keratinocytes. 8, 423.

Devarbhavi, H., Asrani, S. K., Arab, J. P., Nartey, Y. A., Pose, E. & Kamath, P. S.
2023. Global burden of liver disease: 2023 update. J Hepatol, 79, 516-
537.

Dhawan, A., Chaijitraruch, N., Fitzpatrick, E., Bansal, S., Filippi, C., Lehec, S.
C., Heaton, N. D., Kane, P., Verma, A., Hughes, R. D. & Mitry, R. R. 2020.
Alginate microencapsulated human hepatocytes for the treatment of acute
liver failure in children. J Hepatol, 72, 877-884.

Ding, H., Illsley, N. P. & Chang, R. C. J. S. R. 2019. 3D bioprinted GelMA based
models for the study of trophoblast cell invasion. 9, 18854.

Donato, M. T., Castell, J. V. & Goémez-Lechon, M. J. J. J. O. H. 1999.
Characterization of drug metabolizing activities in pig hepatocytes for use
in bioartificial liver devices: comparison with other hepatic cellular
models. 31, 542-549.

Donato, M. T., Tolosa, L. & Gomez-Lechon, M. J. J. P. 1. 1. V. H. R. 2015. Culture
and functional characterization of human hepatoma HepG2 cells. 77-93.

Dvir-Ginzberg, M., Gamlieli-Bonshtein, 1., Agbaria, R. & Cohen, S. J. T. E. 2003.
Liver tissue engineering within alginate scaffolds: effects of cell-seeding
density on hepatocyte viability, morphology, and function. 9, 757-766.

Elkhoury, K., Zuazola, J. & Vijayavenkataraman, S. J. S. T. 2023. Bioprinting the
future using light: A review on photocrosslinking reactions, photoreactive
groups, and photoinitiators.

Fairbanks, B. D., Schwartz, M. P., Bowman, C. N. & Anseth, K. S. 2009.
Photoinitiated polymerization of PEG-diacrylate with lithium phenyl-
2,4,6-trimethylbenzoylphosphinate: polymerization rate and
cytocompatibility. Biomaterials, 30, 6702-7.

Fedeli, U., Amidei, C. B., Casotto, V., Grande, E., Saia, M., Zanetto, A. & Russo,
F. P. J. W. J. O. G. 2023. Mortality from chronic liver disease: Recent
trends and impact of the COVID-19 pandemic. 29, 4166.

Fitzpatrick, E., Mitry, R. & Dhawan, A. J. J. O. I. M. 2009. Human hepatocyte
transplantation: state of the art. 266, 339-357.

185



Fu, R.-H., Wang, Y.-C., Liu, S.-P., Shih, T.-R., Lin, H.-L., Chen, Y.-M., Sung, J.-
H., Lu, C.-H., Wei, J.-R. & Wang, Z.-W. J. C. T. 2014. Decellularization
and recellularization technologies in tissue engineering. 23, 621-630.

Gholami, M., Tajabadi, M., Khavandi, A., Azarpira, N. J. F. I. B. & Biotechnology
2023. Synthesis, optimization, and cell response investigations of natural-
based, thermoresponsive, injectable hydrogel: An attitude for 3D
hepatocyte encapsulation and cell therapy. 10, 1075166.

Ghosh, R. N., Thomas, J., Vaidehi, B., Devi, N., Janardanan, A., Namboothiri, P.
K. & Peter, M. J. M. A. 2023. An insight into synthesis, properties and
applications of gelatin methacryloyl hydrogel for 3D bioprinting. 4, 5496-
5529.

Gillispie, G., Prim, P., Copus, J., Fisher, J., Mikos, A. G., Yoo, J. J., Atala, A. &
Lee, S. J. J. B. 2020. Assessment methodologies for extrusion-based
bioink printability. 12, 022003.

Gilmore, B., Carson, L. J. B. & Infections, M. D.-A. 2014. Bioactive biomaterials
for controlling biofilms. 281.

Gopinathan, J. & Noh, I. 2018. Recent trends in bioinks for 3D printing. Biomater
Res, 22, 11.

Gordillo, M., Evans, T. & Gouon-Evans, V. 2015. Orchestrating liver
development. Development, 142, 2094-108.

Grix, T., Ruppelt, A., Thomas, A., Amler, A.-K., Noichl, B. P., Lauster, R. &
Kloke, L. J. G. 2018. Bioprinting perfusion-enabled liver equivalents for
advanced organ-on-a-chip applications. 9, 176.

Groll, J., Burdick, J. A., Cho, D. W., Derby, B., Gelinsky, M., Heilshorn, S. C.,
Jungst, T., Malda, J., Mironov, V. A., Nakayama, K., Ovsianikov, A., Sun,
W., Takeuchi, S., Yoo, J. J. & Woodfield, T. B. F. 2018. A definition of
bioinks and their distinction from biomaterial inks. Biofabrication, 11,
013001.

Gu, L., Jiang, S., Xu, X., Wang, J., Xu, F., Fan, H., Shang, J., Liu, K., Demirci,
U. & Chen, P. J. B. 2022. Size-and density-dependent acoustic differential
bioassembly of spatially-defined heterocellular architecture. 15, 015019.

Guyette, J. P., Gilpin, S. E., Charest, J. M., Tapias, L. F., Ren, X. & Ott, H. C. J.
N. P. 2014. Perfusion decellularization of whole organs. 9, 1451-1468.

Han, W. T., Jang, T., Chen, S., Chong, L. S. H., Jung, H. D. & Song, J. 2019.
Improved cell viability for large-scale biofabrication with photo-
crosslinkable hydrogel systems through a dual-photoinitiator approach.
Biomater Sci, 8,450-461.

He, J., Wang, J., Pang, Y., Yu, H., Qin, X., Su, K., Xu, T. & Ren, H. J. I. J. O. B.
2022. Bioprinting of a hepatic tissue model using human-induced
pluripotent stem cell-derived hepatocytes for drug-induced hepatotoxicity
evaluation. 8.

Heltmann-Meyer, S., Steiner, D., Miiller, C., Schneidereit, D., Friedrich, O.,
Salehi, S., Engel, F. B., Arkudas, A. & Horch, R. E. J. B. M. 2021. Gelatin
methacryloyl is a slow degrading material allowing vascularization and
long-term use in vivo. 16, 065004.

Heydari, Z., Najimi, M., Mirzaei, H., Shpichka, A., Ruoss, M., Farzaneh, Z.,
Montazeri, L., Piryaei, A., Timashev, P., Gramignoli, R., Nussler, A.,

186



Baharvand, H. & Vosough, M. 2020a. Tissue Engineering in Liver
Regenerative Medicine: Insights into Novel Translational Technologies.
Cells, 9.

Heydari, Z., Najimi, M., Mirzaei, H., Shpichka, A., Ruoss, M., Farzaneh, Z.,
Montazeri, L., Piryaei, A., Timashev, P. & Gramignoli, R. J. C. 2020b.
Tissue engineering in liver regenerative medicine: insights into novel
translational technologies. 9, 304.

Higashi, H., Yagi, H., Kuroda, K., Tajima, K., Kojima, H., Nishi, K., Morisaku,
T., Hirukawa, K., Fukuda, K., Matsubara, K., Kitago, M., Shinoda, M.,
Obara, H., Adachi, S., Nishimura, K., Natsume, T., Tomi, M., Soto-
Gutierrez, A. & Kitagawa, Y. 2022. Transplantation of bioengineered liver
capable of extended function in a preclinical liver failure model. 4m J
Transplant, 22, 731-744.

Holzl, K., Lin, S., Tytgat, L., Van Vlierberghe, S., Gu, L. & Ovsianikov, A. 2016.
Bioink properties before, during and after 3D bioprinting. Biofabrication,
8, 032002.

Hu, C., Li, L. J. P. & Cell 2015. In vitro culture of isolated primary hepatocytes
and stem cell-derived hepatocyte-like cells for liver regeneration. 6, 562-
574.

lansante, V., Mitry, R., Filippi, C., Fitzpatrick, E. & Dhawan, A. J. P. R. 2018.
Human hepatocyte transplantation for liver disease: current status and
future perspectives. 83, 232-240.

Itaba, N., Kono, Y., Watanabe, K., Yokobata, T., Oka, H., Osaki, M., Kakuta, H.,
Morimoto, M. & Shiota, G. J. S. R. 2019. Reversal of established liver
fibrosis by IC-2-engineered mesenchymal stem cell sheets. 9, 6841.

J, A. S., Velayudhan, S. & Pr, A. K. 2023. Biocompatibility evaluation of
antioxidant cocktail loaded gelatin methacrylamide as bioink for
extrusion-based 3D bioprinting. Biomed Mater, 18.

Jain, T., Baker, H. B., Gipsov, A., Fisher, J. P., Joy, A., Kaplan, D. S. & Isayeva,
I. 2021. Impact of cell density on the bioprinting of gelatin methacrylate
(GelMA) bioinks. Bioprinting, 22.

Jeon, H., Kang, K., Park, S. A., Kim, W. D., Paik, S. S., Lee, S.-H., Jeong, J.,
Choi, D. J. G. & Liver 2017. Generation of multilayered 3D structures of
HepG2 cells using a bio-printing technique. 11, 121.

Jeschke, M. G., Lopez, O. N. & Finnerty, C. C. 2018. The hepatic response to
thermal injury. 7otal Burn Care. Elsevier.

Jesus, A., Mota, S., Torres, A., Cruz, M. T., Sousa, E., Almeida, I. F. & Cidade,
H. J. A. 2023. Antioxidants in sunscreens: which and what for? 12, 138.

Jitraruch, S., Dhawan, A., Hughes, R. D., Filippi, C., Soong, D., Philippeos, C.,
Lehec, S. C., Heaton, N. D., Longhi, M. S. & Mitry, R. R. J. P. O. 2014.
Alginate microencapsulated hepatocytes optimised for transplantation in
acute liver failure. 9, €e113609.

Jose, J., Peter, A., Thajudeen, K. Y., Pereira, M. D. L. G., Athira, V. & Michel, H.
J. R. 1. E. 2024. Recent advances in the design and development of bioink
formulations for various biomedical applications. 102060.

187



Joyce, K., Fabra, G. T., Bozkurt, Y., Pandit, A. J. S. T. & Therapy, T. 2021.
Bioactive potential of natural biomaterials: Identification, retention and
assessment of biological properties. 6, 122.

Kalra, A., Yetiskul, E., Wehrle, C. J. & Tuma, F. 2018. Physiology, liver.

Kéammerling, L., Fisher, L. E., Antmen, E., Simsek, G. M., Rostam, H. M., Vrana,
N. E., Ghaemmaghami, A. M. J. J. O. I. & Medicine, R. 2021. Mitigating
the foreign body response through ‘immune-instructive’biomaterials. 12,
100040.

Kim, D., Kim, M., Lee, J., Jang, J. J. F. 1. B. & Biotechnology 2022. Review on
multicomponent hydrogel bioinks based on natural biomaterials for
bioprinting 3D liver tissues. 10, 764682.

Kim, J. J. B. 2023. Characterization of biocompatibility of functional bioinks for
3D bioprinting. 10, 457.

Komeri, R., Thankam, F. G., Muthu, J. J. M. S. & C, E. 2017. Free radical
scavenging injectable hydrogels for regenerative therapy. 71, 100-110.

Koshy, S. T., Ferrante, T. C., Lewin, S. A. & Mooney, D. J. J. B. 2014. Injectable,
porous, and cell-responsive gelatin cryogels. 35, 2477-2487.

Krishani, M., Shin, W. Y., Suhaimi, H. & Sambudi, N. S. J. G. 2023. Development
of scaffolds from bio-based natural materials for tissue regeneration
applications: a review. 9, 100.

Kryou, C., Leva, V., Chatzipetrou, M. & Zergioti, 1. J. B. 2019. Bioprinting for
liver transplantation. 6, 95.

Labowska, M. B., Cierluk, K., Jankowska, A. M., Kulbacka, J., Detyna, J. &
Michalak, 1. 2021. A Review on the Adaption of Alginate-Gelatin
Hydrogels for 3D Cultures and Bioprinting. Materials (Basel), 14.

Landry, J., Bernier, D., Ouellet, C., Goyette, R. & Marceau, N. J. T. J. O. C. B.
1985. Spheroidal aggregate culture of rat liver cells: histotypic
reorganization, biomatrix deposition, and maintenance of functional
activities. 101, 914-923.

Laschke, M. & Menger, M. J. E. S. R. 2012. Vascularization in tissue engineering:
angiogenesis versus inosculation. 48, 85-92.

Lautt, W. W. J. G. 1977. Hepatic vasculature: a conceptual review. 73, 1163-1169.

Leberfinger, A. N., Dinda, S., Wu, Y., Koduru, S. V., Ozbolat, V., Ravnic, D. J. &
Ozbolat, I. T. J. A. B. 2019. Bioprinting functional tissues. 95, 32-49.

Lee, B. H., Shirahama, H., Cho, N.-J. & Tan, L. P. J. R. A. 2015. Efficient and
controllable synthesis of highly substituted gelatin methacrylamide for
mechanically stiff hydrogels. 5, 106094-106097.

Lee, C., O'connell, C. D., Onofrillo, C., Choong, P. F. M., Di Bella, C. & Duchi,
S. 2020. Human articular cartilage repair: Sources and detection of
cytotoxicity and genotoxicity in photo-crosslinkable hydrogel
bioscaffolds. Stem Cells Transl Med, 9, 302-315.

Lee, G., Kim, H., Park, J. Y., Kim, G., Han, J., Chung, S., Yang, J. H., Jeon, J. S.,
Woo, D.-H. & Han, C. J. B. 2021a. Generation of uniform liver spheroids
from human pluripotent stem cells for imaging-based drug toxicity
analysis. 269, 120529.

Lee, J.-S., Yoon, H., Yoon, D., Kim, G. H., Yang, H. T. & Chun, W. J. J. O. M. C.
B. 2017. Development of hepatic blocks using human adipose tissue-

188



derived stem cells through three-dimensional cell printing techniques. 5,
1098-1107.

Lee, J., Ung, A., Kim, H., Lee, K., Cho, H.-J., Bandaru, P., Ahadian, S., Dokmeci,
M. R. & Khademhosseini, A. J. B. 2021b. Engineering liver microtissues
to study the fusion of HepG2 with mesenchymal stem cells and invasive
potential of fused cells. 14, 014104.

Lee, N.-H., Bayaraa, O., Zechu, Z. & Kim, H. S. J. B. R. 2021c¢. Biomaterials-
assisted spheroid engineering for regenerative therapy. 54, 356.

Li, J. J. & Zreigat, H. J. E. O. B. E. 2019. Tissue response to biomaterials.

LL P, CAIL X., WANG, D., CHEN, S., YUAN, J.,, LI, L. & SHEN, J. 2013.
Hemocompatibility and anti-biofouling property improvement of
poly(ethylene terephthalate) via self-polymerization of dopamine and
covalent graft of zwitterionic cysteine. Colloids and Surfaces B:
Biointerfaces, 110, 327-332.

Li, Y., Lu, L. & Cai, X. J. B. 2021. Liver regeneration and cell transplantation for
end-stage liver disease. 11, 1907.

Lim, K. S., Galarraga, J. H., Cui, X., Lindberg, G. C., Burdick, J. A. & Woodfield,
T. B. J. C. R. 2020. Fundamentals and applications of photo-cross-linking
in bioprinting. 120, 10662-10694.

Lin, J. Y., Selim, M. A., Shea, C. R., Grichnik, J. M., Omar, M. M., Monteiro-
Riviere, N. A. & Pinnell, S. R. 2003. UV photoprotection by combination
topical antioxidants vitamin C and vitamin E. J Am Acad Dermatol, 48,
866-74.

Liu, Y., Li, H., Yan, S., Wei, J. & Li, X. J. B. 2014. Hepatocyte cocultures with
endothelial cells and fibroblasts on micropatterned fibrous mats to
promote liver-specific functions and capillary formation capabilities. 15,
1044-1054.

Lobo, V., Patil, A., Phatak, A. & Chandra, N. J. P. R. 2010. Free radicals,
antioxidants and functional foods: Impact on human health. 4, 118.

Lu,D., Liu, Y., Li, W, Ma, H., Li, T., Ma, X., Mao, Y., Liang, Q., Ma, Z. & Wang,
J.J.B.R.1.2021. Development and application of 3D bioprinted scaffolds
supporting induced pluripotent stem cells. 2021, 4910816.

Luna-Vazquez-Gomez, R., Arellano-Garcia, M. E., Garcia-Ramos, J. C., Radilla-
Chéavez, P., Salas-Vargas, D. S., Casillas-Figueroa, F., Ruiz-Ruiz, B.,
Bogdanchikova, N. & Pestryakov, A. J. M. 2021. Hemolysis of human
erythrocytes by Argovit™ AgNPs from healthy and diabetic donors: An
in vitro study. 14, 2792.

Luzaji¢ Bozinovski, T., Todorovi¢, V., Milosevi¢, 1., Proki¢, B. B., Gajdov, V.,
Nesovi¢, K., Miskovi¢-Stankovi¢, V. & Markovic¢, D. J. J. O. B. A. 2022.
Macrophages, the main marker in biocompatibility evaluation of new
hydrogels after subcutaneous implantation in rats. 36, 1111-1125.

Lv, W., Zhou, H., Aazmi, A., Yu, M., Xu, X., Yang, H., Huang, Y. Y. S. & Ma, L.
2022. Constructing biomimetic liver models through biomaterials and
vasculature engineering. Regen Biomater, 9, tbac079.

Ma, X., Qu, X., Zhu, W., Li, Y.-S., Yuan, S., Zhang, H., Liu, J., Wang, P., Lai, C.
S.E. & Zanella, F. J. P. O. T.N. A. O. S. 2016. Deterministically patterned

189



biomimetic human iPSC-derived hepatic model via rapid 3D bioprinting.
113,2206-2211.

Ma, X., Yu, C., Wang, P., Xu, W., Wan, X., Lai, C. S. E., Liu, J., Koroleva-
Maharajh, A. & Chen, S. J. B. 2018. Rapid 3d bioprinting of
decellularized extracellular matrix with regionally varied mechanical
properties and biomimetic microarchitecture. 185, 310-321.

Mandrycky, C., Phong, K. & Zheng, Y. J. M. C. 2017. Tissue engineering toward
organ-specific regeneration and disease modeling. 7, 332-347.

Masson-Meyers, D. S., Tayebi, L. J. J. O. T. E. & Medicine, R. 2021.
Vascularization strategies in tissue engineering approaches for soft tissue
repair. 15, 747-762.

Maury, G., Rodriguez, D., Hendrix, S., Arranz, J., Boix, Y., Pacheco, A., Diaz, J.,
Morris-Quevedo, H., Dubois, A. & Aleman, E. 2020. Antioxidants in
Plants: A Valorization Potential Emphasizing the Need for the
Conservation of Plant Biodiversity in Cuba. Antioxidants (Basel,
Switzerland), 9 (11), 1048.

Mazza, G., Al-Akkad, W., Rombouts, K. & Pinzani, M. 2018. Liver tissue
engineering: From implantable tissue to whole organ engineering.
Hepatol Commun, 2, 131-141.

Mccuskey, R. J. Z. & Disease, B. S. H. A. T. O. L. 2012. Anatomy Of the liver. 6,
3-19.

Mirdamadi, E. S., Kalhori, D., Zakeri, N., Azarpira, N. & Solati-Hashjin, M. J. T.
E. P. B. R. 2020. Liver tissue engineering as an emerging alternative for
liver disease treatment. 26, 145-163.

Miyamura, N. & Nishina, H. 2018. Molecular Mechanisms of Liver
Development: Lessons From Animal Models. Stem Cells and Cancer in
Hepatology.

Moman, R. N., Gupta, N. & Varacallo, M. 2017. Physiology, albumin.

Moon, S. H., Hwang, H. J., Jeon, H. R., Park, S. J., Bae, I. S., Yang, Y. J. J. F. L.
B. & Biotechnology 2023. Photocrosslinkable natural polymers in tissue
engineering. 11, 1127757.

Murphy, S. V. & Atala, A. J. N. B. 2014. 3D bioprinting of tissues and organs. 32,
773-785.

Nagamoto, Y., Takayama, K., Ohashi, K., Okamoto, R., Sakurai, F., Tachibana,
M., Kawabata, K. & Mizuguchi, H. J. J. O. H. 2016. Transplantation Of A
Human 1PSC-derived hepatocyte sheet increases survival in mice with
acute liver failure. 64, 1068-1075.

Nguyen, A., Mirza, S., Javed, N., Hanif, H., Ryu, M., Mirza, R. T. & Sheikh, A.
B. 2022. Extracorporeal Liver Support: An Updated Review of
Mechanisms and Current Literature. J Community Hosp Intern Med
Perspect, 12, 43-48.

Nguyen, A. H., Mckinney, J., Miller, T., Bongiorno, T. & Mcdevitt, T. C. J. A. B.
2015. Gelatin methacrylate microspheres for controlled growth factor
release. 13, 101-110.

Nguyen, A. K., Goering, P. L., Reipa, V. & Narayan, R. J. 2019. Toxicity and
photosensitizing assessment of gelatin methacryloyl-based hydrogels
photoinitiated with lithium phenyl-2,4,6-trimethylbenzoylphosphinate in

190



human primary renal proximal tubule epithelial cells. Biointerphases, 14,
021007.

Niki, E. 2010. Assessment of antioxidant capacity in vitro and in vivo. Free Radic
Biol Med, 49, 503-15.

Niki, E. 2014. Role of vitamin E as a lipid-soluble peroxyl radical scavenger: in
vitro and in vivo evidence. Free Radic Biol Med, 66, 3-12.

Nimse, S. B. & Pal, D. 2015. Free radicals, natural antioxidants, and their reaction
mechanisms. RSC Advances, 5, 27986-28006.

Ouyang, L., Yao, R., Zhao, Y. & Sun, W. J. B. 2016. Effect of bioink properties
on printability and cell viability for 3D bioplotting of embryonic stem
cells. 8, 035020.

Pai, R. R, Ajit, S, Nair, S. S., Kumar, P. A. & Velayudhan, S. J. B. 2022a. Radical
scavenging gelatin methacrylamide based bioink formulation for three
dimensional bioprinting of parenchymal liver construct. 27, €00214.

Pai, R. R., Sekar, J. A., Ajit, S., Velayudhan, S., Kasoju, N. & Pr, A. K. 2022b.
Three-dimensional bioprinting of tissues and organs. Biomedical Product
and Materials Evaluation. Elsevier.

Pal, K., Banthia, A. K. & Majumdar, D. K. 2012. Polymeric Hydrogels:
Characterization and Biomedical Applications. Designed Monomers and
Polymers, 12, 197-220.

Palakkan, A. A., Hay, D. C., Pr, A. K., Tv, K. & Ross, J. A. J. L. . 2013. Liver
tissue engineering and cell sources: issues and challenges. 33, 666-676.

Parak, A., Pradeep, P., Du Toit, L. C., Kumar, P., Choonara, Y. E. & Pillay, V.
2019. Functionalizing bioinks for 3D bioprinting applications. Drug
Discov Today, 24, 198-205.

Park, T.G.J.J.O.B.M.R.A.0O.]J. O.T. S. F. B. & Biomaterials, T. J. S. F. 2002.
Perfusion culture of hepatocytes within galactose-derivatized
biodegradable poly (lactide-co-glycolide) scaffolds prepared by gas
foaming of effervescent salts. 59, 127-135.

Patil, R. T., Dhadse, P. V., Salian, S. J. J. O. C. & Research, D. 2024. Cell Sheet
Engineering in Periodontology: A Review. 18.

Petruk, G., Del Giudice, R., Rigano, M. M. & Monti, D. M. 2018. Antioxidants
from Plants Protect against Skin Photoaging. Oxid Med Cell Longev,
2018, 1454936.

Prinja, S., Bahuguna, P., Gupta, A., Nimesh, R., Gupta, M., Thakur, J. S. J. C. E.
& Allocation, R. 2018. Cost effectiveness of mHealth intervention by
community health workers for reducing maternal and newborn mortality
in rural Uttar Pradesh, India. 16, 1-19.

Raju, R., Chau, D., Notelaers, T., Myers, C. L., Verfaillie, C. M., Hu, W.-S. J. S.
C. & Development 2018. In vitro pluripotent stem cell differentiation to
hepatocyte ceases further maturation at an equivalent stage of E15 in
mouse embryonic liver development. 27, 910-921.

Ramiah, P., Du Toit, L., Choonara, Y. & Pillay, V. 2020. Hydrogel-based bioinks
for 3D bioprinting in tissue regeneration. Front. Mater.(2020).

Rashidi, H., Luu, N. T., Alwahsh, S. M., Ginai, M., Alhaque, S., Dong, H., Tomaz,
R. A., Vernay, B., Vigneswara, V., Hallett, J. M., Chandrashekran, A.,
Dhawan, A., Vallier, L., Bradley, M., Callanan, A., Forbes, S. J.,

191



Newsome, P. N. & Hay, D. C. 2018. 3D human liver tissue from
pluripotent stem cells displays stable phenotype in vitro and supports
compromised liver function in vivo. Arch Toxicol, 92, 3117-3129.

Ratner, B. D. J. J. O. C. T. R. 2011. The biocompatibility manifesto:
biocompatibility for the twenty-first century. 4, 523-527.

Rela, M., Kaliamoorthy, I. & Reddy, M. S. J. L. T. 2016. Current status of
auxiliary partial orthotopic liver transplantation for acute liver failure. 22,
1265-1274.

Ribeiro, F. M., Volpato, H., Lazarin-Bidoia, D., Desoti, V. C., De Souza, R. O.,
Fonseca, M. J. V., Ueda-Nakamura, T., Nakamura, C. V., De Oliveira
Silva, S. J. J. O. P. & Biology, P. B. 2018. The extended production of UV-
induced reactive oxygen species in L929 fibroblasts is attenuated by
posttreatment with Arrabidaea chica through scavenging mechanisms.
178, 175-181.

Rizwan, M., Chan, S. W., Comeau, P. A., Willett, T. L. & Yim, E. K. J. B. M.
2020. Effect of sterilization treatment on mechanical properties,
biodegradation, bioactivity and printability of GelMA hydrogels. 15,
065017.

Rizzo, R., Petelinsek, N., Bonato, A. & Zenobi-Wong, M. J. A. S. 2023. From
Free-Radical to Radical-Free: A Paradigm Shift in Light-Mediated
Biofabrication. 10, 2205302.

Rogers, A. B. & Dintzis, R. Z. 2018. Hepatobiliary system. Comparative anatomy
and histology. Elsevier.

Rose, S., Ezan, F., Cuvellier, M., Bruy¢re, A., Legagneux, V., Langouét, S. &
Baffet, G. J. S. R. 2021. Generation of proliferating human adult
hepatocytes using optimized 3D culture conditions. 11, 515.

Rozman, B. & Gasperlin, M. 2007. Stability of vitamins C and E in topical
microemulsions for combined antioxidant therapy. Drug Deliv, 14, 235-
45.

Ruiz, R. & Kirk, A. D. J. T. O. T. L. 2015. Long-term toxicity of
immunosuppressive therapy. 1354.

S. Sivakrishnan 2019. Liver diseases-An overview. WORLD Journal Of
Pharmacy And Pharmaceutical Sciences, Volume 8§, .

Sabnis, A., Rahimi, M., Chapman, C., Nguyen, K. T. J. J. O. B. M. R. P. A. A. O.
J. O.T. S. F. B., The Japanese Society For Biomaterials,, Biomaterials, T.
A. S. F. & Biomaterials, T. K. S. F. 2009. Cytocompatibility studies of an
in situ photopolymerized thermoresponsive hydrogel nanoparticle system
using human aortic smooth muscle cells. 91, 52-59.

Sakai, Y., Yamanouchi, K., Ohashi, K., Koike, M., Utoh, R., Hasegawa, H.,
Muraoka, I., Suematsu, T., Soyama, A. & Hidaka, M. J. B. 2015.
Vascularized subcutaneous human liver tissue from engineered
hepatocyte/fibroblast sheets in mice. 65, 66-75.

Salthouse, D., Novakovic, K., Hilkens, C. M. & Ferreira, A. M. J. A. B. 2023.
Interplay between biomaterials and the immune system: Challenges and
opportunities in regenerative medicine. 155, 1-18.

Sastri, V. J. P. I. M. D. 2014. Material requirements for plastics used in medical
devices. 33-54.

192



Sato, K., Zhang, W., Safarikia, S., Isidan, A., Chen, A. M., Li, P., Francis, H.,
Kennedy, L., Baiocchi, L. & Alvaro, D. J. H. 2021. Organoids and
spheroids as models for studying cholestatic liver injury and
cholangiocarcinoma. 74, 491-502.

Schwab, A., Levato, R., D’este, M., Piluso, S., Eglin, D. & Malda, J. J. C. R.
2020. Printability and shape fidelity of bioinks in 3D bioprinting. 120,
11028-11055.

Sengupta, D., Waldman, S. D. & Li, S. J. A. O. B. E. 2014. From in vitro to in
situ tissue engineering. 42, 1537-1545.

Sharma, A. & Nagalli, S. 2023. Chronic liver disease. StatPearls [Internet].
StatPearls Publishing.

Sheikh, Z., Brooks, P. J., Barzilay, O., Fine, N. & Glogauer, M. J. M. 2015.
Macrophages, foreign body giant cells and their response to implantable
biomaterials. 8, 5671-5701.

Shibuya, K., Watanabe, M., Goto, R., Zaitsu, M., Ganchiku, Y. & Taketomi, A. J.
C. T. 2021. The efficacy of the hepatocyte spheroids for hepatocyte
transplantation. 30, 09636897211000014.

Shie, M., Lee, J., Ho, C., Yen, S., Ng, H. & Chen, Y. 2020. Effects of gelatin
methacrylate bio-ink concentration on mechano-physical properties and
human dermal fibroblast behavior, Polymers. 12 (2020) 1930. Internet].

Shirahama, H., Lee, B. H., Tan, L. P. & Cho, N. J. 2016. Precise Tuning of Facile
One-Pot Gelatin Methacryloyl (GeIMA) Synthesis. Sci Rep, 6, 31036.

Siemionow, M. Z. & Eisenmann-Klein, M. 2010. Plastic and reconstructive
surgery, Springer Science & Business Media.

Sultana, N. 2018. Mechanical and biological properties of scaffold materials.
Functional 3D tissue engineering scaffolds. Elsevier.

Sun, M., Sun, X., Wang, Z., Guo, S., Yu, G. & Yang, H. 2018. Synthesis and
Properties of Gelatin Methacryloyl (GeIMA) Hydrogels and Their Recent
Applications in Load-Bearing Tissue. Polymers (Basel), 10.

Suvarnapathaki, S., Nguyen, M. A., Wu, X., Nukavarapu, S. P. & Camci-Unal, G.
J. R.A. 2019. Synthesis and characterization of photocrosslinkable
hydrogels from bovine skin gelatin. 9, 13016-13025.

Taaca, K. L. M., Prieto, E. I. & Vasquez Jr, M. R. J. P. 2022. Current trends in
biomedical hydrogels: From traditional crosslinking to plasma-assisted
synthesis. 14, 2560.

Tajiri, K. & Shimizu, Y. J. W. J. O. G. W. 2013. Liver physiology and liver
diseases in the elderly. 19, 8459.

Tas, R. P., Sampaio-Pinto, V., Wennekes, T., Van Laake, L. W. & Voets, 1. K. J. E.
R. 2021. From the freezer to the clinic: Antifreeze proteins in the
preservation of cells, tissues, and organs. 22, €52162.

Tatsumi, K. & Okano, T. 2017. Hepatocyte Transplantation: Cell Sheet
Technology for Liver Cell Transplantation. Curr Transplant Rep, 4, 184-
192.

Tegge, A. N., Rodrigues, R. R., Larkin, A. L., Vu, L., Murali, T. & Rajagopalan,
P. J. S. R. 2018. Transcriptomic analysis of hepatic cells in multicellular
organotypic liver models. 8, 11306.

193



Theus, A. S., Ning, L., Hwang, B., Gil, C., Chen, S., Wombwell, A., Mehta, R. &
Serpooshan, V. J. P. 2020. Bioprintability: Physiomechanical and
biological requirements of materials for 3d bioprinting processes. 12,
2262.

Tomlins, P. 2016. Material types for tissue scaffolds. Characterisation and
Design of Tissue Scaffolds. Elsevier.

Uygun, B. E., Soto-Gutierrez, A., Yagi, H., Izamis, M.-L., Guzzardi, M. A.,
Shulman, C., Milwid, J., Kobayashi, N., Tilles, A. & Berthiaume, F. J. N.
M. 2010. Organ reengineering through development of a transplantable
recellularized liver graft using decellularized liver matrix. 16, 814-820.

Vacanti, J. P. & Langer, R. J. T. L. 1999. Tissue engineering: the design and
fabrication of living replacement devices for surgical reconstruction and
transplantation. 354, S32-S34.

Van Den Bulcke, A. 1., Bogdanov, B., De Rooze, N., Schacht, E. H., Cornelissen,
M. & Berghmans, H. J. B. 2000. Structural and rheological properties of
methacrylamide modified gelatin hydrogels. 1, 31-38.

Velasco-Rodriguez, B., Diaz-Vidal, T., Rosales-Rivera, L. C., Garcia-Gonzalez,
C. A., Alvarez-Lorenzo, C., Al-Modlej, A., Dominguez-Arca, V., Prieto,
G., Barbosa, S. & Soltero Martinez, J. F. A. J. 1. J. O. M. S. 2021. Hybrid
methacrylated gelatin and hyaluronic acid hydrogel scaffolds. Preparation
and systematic characterization for prospective tissue engineering
applications. 22, 6758.

Verma, A., Zanoletti, A., Kareem, K. Y., Adelodun, B., Kumar, P., Ajibade, F. O.,
Silva, L. F., Phillips, A. J., Kartheeswaran, T. & Bontempi, E. J. E. C. L.
2024. Skin protection from solar ultraviolet radiation using natural
compounds: a review. 22, 273-295.

Vernon, H., Wehrle, C. J., Alia, V. S. K. & Kasi, A. 2018. Anatomy, abdomen and
pelvis, liver.

Villata, S., Canta, M., Baruffaldi, D., Roppolo, L., Pirri, C. F. & Frascella, F. J. B.
2023. 3D bioprinted GelMA platform for the production of lung tumor
spheroids. 36, e00310.

Wang, J., Huang, D., Yu, H., Cheng, Y., Ren, H. & Zhao, Y. 2022. Developing
tissue engineering strategies for liver regeneration. FEngineered
Regeneration, 3, 80-91.

Wang, S., Miller, S. R., Ober, E. A. & Sadler, K. C. J. C. T. L. D. B. 2017. Making
it new again: insight into liver development, regeneration, and disease
from zebrafish research. 124, 161-195.

Wang, X., Wang, Z., Zhai, W., Wang, F., Ge, Z., Yu, H. & Yang, W. J. M. 2021.
Engineering biological tissues from the bottom-up: Recent advances and
future prospects. 13, 75.

Wang, X., Yan, Y., Pan, Y., Xiong, Z., Liu, H., Cheng, J., Liu, F., Lin, F., Wu, R.
& Zhang, R. J. T. E. 2006. Generation of three-dimensional
hepatocyte/gelatin structures with rapid prototyping system. 12, 83-90.

Washabau, R. J. 2012. Integration of gastrointestinal function. Canine and Feline
Gastroenterology. Elsevier Inc.

194



Wu, C., Pan, J., Bao, Z. & Yu, Y. J. J. O. M. S. M. 1. M. 2007. Fabrication and
characterization of chitosan microcarrier for hepatocyte culture. 18, 2211-
2214.

Xia, T., Zhao, R., Feng, F. & Yang, L. J. P. 2020. The effect of matrix stiffness on
human hepatocyte migration and function—an in vitro research. 12, 1903.

Yanagi, Y., Nakayama, K., Taguchi, T., Enosawa, S., Tamura, T., Yoshimaru, K.,
Matsuura, T., Hayashida, M., Kohashi, K., Oda, Y., Yamaza, T. &
Kobayashi, E. 2017. In vivo and ex vivo methods of growing a liver bud
through tissue connection. Sci Rep, 7, 14085.

Yang, H., Sun, L., Pang, Y., Hu, D., Xu, H., Mao, S., Peng, W., Wang, Y., Xu, Y.
& Zheng, Y.-C. J. G. 2021. Three-dimensional bioprinted hepatorganoids
prolong survival of mice with liver failure. 70, 567-574.

Yang, W., Wang, X. & Wang, Z. 2022. Engineered liver tissue in vitro to mimic
liver functions and its biomedical applications. Materials Advances, 3,
4132-4154.

Ye, L., Swingen, C. & Zhang, J. J. C. C. R. 2013. Induced pluripotent stem cells
and their potential for basic and clinical sciences. 9, 63-72.

Yin, J., Yan, M., Wang, Y., Fu, J. & Suo, H. 2018. 3D Bioprinting of Low-
Concentration Cell-Laden Gelatin Methacrylate (GeIMA) Bioinks with a
Two-Step Cross-linking Strategy. ACS Appl Mater Interfaces, 10, 6849-
6857.

You, J., Park, S.-A., Shin, D.-S., Patel, D., Raghunathan, V. K., Kim, M., Murphy,
C.J., Tae, G. & Revzin, A. J. T. E. P. A. 2013. Characterizing the effects
of heparin gel stiffness on function of primary hepatocytes. 19, 2655-
2663.

Yue, K., Trujillo-De Santiago, G., Alvarez, M. M., Tamayol, A., Annabi, N. &
Khademhosseini, A. 2015a. Synthesis, properties, and biomedical
applications of gelatin methacryloyl (GeIMA) hydrogels. Biomaterials,
73, 254-71.

Yue, K., Trujillo-De Santiago, G., Alvarez, M. M., Tamayol, A., Annabi, N. &
Khademhosseini, A. J. B. 2015b. Synthesis, properties, and biomedical
applications of gelatin methacryloyl (GelMA) hydrogels. 73, 254-271.

Zakrzewski, W., Dobrzynski, M., Szymonowicz, M., Rybak, Z. J. S. C. R. &
Therapy 2019. Stem cells: past, present, and future. 10, 1-22.

Zelber-Sagi, S. & Moore, J. B. J. D. S. 2024. Practical lifestyle management of
nonalcoholic fatty liver disease for busy clinicians. 37, 39-47.

Zennifer, A., Manivannan, S., Sethuraman, S., Kumbar, S. G. & Sundaramurthi,
D. J. B. A. 2022. 3D bioprinting and photocrosslinking: emerging
strategies & future perspectives. 134, 112576.

Zhang, J., Wehrle, E., Rubert, M. & Miiller, R. J. 1. J. O. M. S. 2021. 3D
bioprinting of human tissues: biofabrication, bioinks, and bioreactors. 22,
3971.

Zhang, J., Yun, S., Du, Y., Zannettino, A. & Zhang, H. 2020. Hydrogel-based
preparation of cell aggregates for biomedical applications. Applied
Materials Today, 20.

195



Zhang, X.-Y. & Wheatley, A. 2018. Biological effect of heterotopic liver
transplantation. Organtransplantation in Rats and Mice: Microsurgical
Techniques and Immunological Principles. Springer.

Zhang, Y., Bai, X.-F. & Huang, C.-X. J. W. J. O. G. W. 2003. Hepatic stem cells:
existence and origin. 9, 201.

Zhang, Z., Jin, Y., Yin, J., Xu, C., Xiong, R., Christensen, K., Ringeisen, B. R.,
Chrisey, D. B. & Huang, Y. J. A. P. R. 2018. Evaluation of bioink
printability for bioprinting applications. 5.

Zhao, D., Tie, C., Cheng, B., Yang, S., Wang, X., Sun, Z., Yin, M., Zhu, H., Yin,
M. J. P. D. & Stability 2020. Effect of altering photocrosslinking
conditions on the physical properties of alginate gels and the survival of
photoencapsulated cells. 179, 109297.

Zhong, C., Xie, H.-Y., Zhou, L., Xu, X., Zheng, S.-S. J. H. & International, P. D.
2016. Human hepatocytes loaded in 3D bioprinting generate mini-liver.
15, 512-518.

Zhou, M., Lee, B. H. & Tan, L. P. J. I. J. O. B. 2017. A dual crosslinking strategy
to tailor rheological properties of gelatin methacryloyl. 3.

Zhou, W. L., Medine, C. N., Zhu, L. & Hay, D. C. 2012. Stem cell differentiation
and human liver disease. World J Gastroenterol, 18, 2018-25.

Zhu, M., Wang, Y., Ferracci, G., Zheng, J., Cho, N. J. & Lee, B. H. 2019. Gelatin
methacryloyl and its hydrogels with an exceptional degree of
controllability and batch-to-batch consistency. Sci Rep, 9, 6863.

Zhu, S., Yu, C., Liu, N., Zhao, M., Chen, Z., Liu, J., Li, G., Huang, H., Guo, H.
& Sun, T. J. B. M. 2022. Injectable conductive gelatin
methacrylate/oxidized dextran hydrogel encapsulating umbilical cord
mesenchymal stem cells for myocardial infarction treatment. 13, 119-134.

Zhu, W., Qu, X., Zhu, J., Ma, X., Patel, S., Liu, J., Wang, P, Lai, C. S. E., Gou,
M. & Xu, Y. J. B. 2017. Direct 3D bioprinting of prevascularized tissue
constructs with complex microarchitecture. 124, 106-115.

Zustiak, S. P. & Leach, J. B. J. B. 2010. Hydrolytically degradable poly (ethylene
glycol) hydrogel scaffolds with tunable degradation and mechanical
properties. 11, 1348-1357.

196



Annexure

List of publications

Research articles

. Anupama Sekar J, Shiny Velayudhan, and Anil Kumar PR
"Biocompatibility evaluation of antioxidant cocktail loaded gelatin
methacrylamide as bioink for extrusion-based 3D bioprinting."
Biomedical Materials 18.4 (2023): 044101.

Book chapters

1. Anupama Sekar, J., ef al. "3D bioprinting in tissue engineering and
regenerative medicine: current landscape and future prospects."”
Biomaterials in Tissue Engineering and Regenerative Medicine: From
Basic Concepts to State of the Art Approaches (2021): 561-580.

2. Pai, Roopesh R., J. Anupama Sekar, Shilpa Ajit, Shiny Velayudhan,
Naresh Kasoju, and Anil Kumar PR. "Three-dimensional bioprinting

of tissues and organs." In Biomedical Product and Materials
Evaluation, pp. 135-150. Woodhead Publishing, 2022.

Patent filed

Three Dimensional Bioprinted in vitro Hepatotoxicity Assay Platform,
Filed on 23-03-2023: Publication awaited

197



CURRICULUM VITAE

Name Anupama Sekar J.
Address Krishnanjali, BRN-100, Thekkevila P.O
Kollam, Kerala — 691016, India
Email anupamaskrjl@gmail.com
Phone +91 98959 35900
Educational M.Sc (Biotechnology) 2014-2016
qualification Amrita University, Kollam, Kerala, India.
B.Sc (Biotechnology) 2011-2014

Amrita University, Kollam, Kerala, India.

Research area My PhD research focused on the development and functional

evaluation of a modified form of gelatin based bioink for 3D
bioprinting of liver tissue constructs. The study focused on
formulating bioink based on GeIMA with photoprotective property
to avoid the harmful effect of photocrosslinking process. The
procedure for synthesis of GeIMA was optimised. The bioink with
photoprotective components were formulated and evaluated for
physicochemical properties by rheology, printability analysis and
biological evaluation by in vitro cytotoxicity, cytocompatibility
studies and functionality. The study also explored the
biocompatibility and efficacy evaluation of the in-house
synthesized bioink by in vivo studies in rat model.

Academic projects completed

Title of the project Institute Course Year Duration
Production, purification and Amrita School B.Sc. 2014 6 months
application of naringinase from  of
Aspergillus sp. section nigri Biotechnology
Signaling pathways regulating Rajiv Gandhi M.Sc 2016 6 months
chemoresistance and self- Centre for
renewal in oral cancer Biotechnology

e BSc project was done under the guidance of Mr.Ajith Madhavan , Asst.Professor of
Amrita School of Biotechnology, Kollam



e MSc project was done under the guidance of Dr. Tessy Thomas Maliekal, Rajiv Gandhi
Centre for Biotechnology, Thiruvananthapuram.

Awards

Name of the Award — Details

Year

Merit award — 2024 Best paper publication from Sree Chitra Tirunal Institute for

Medical Sciences and Technology

Joint CSIR UGC Qualified National Eligibility Test (NET) for Junior Research
NET Exam-2017 Scholarship (JRF) and Eligibility for Lectureship in the join exam

of Council of Scientific & Industrial Research (CSIR) and
University Grants Commission (UGC) with 59" rank under CSIR
category

GATE -2017 Qualified GATE (Graduate Aptitude Test in Engineering) in

Biotechnology

Conference presentations

Oral Presentation - Printability evaluation of hydrogel for extrusion-based 3D
Bioprinting in the ICBMI 2020 International Conference held on Dec 6-9'" 2020.

Poster Presentation - Biocompatibility evaluation of Antioxidant enriched bioink
for 3D Bioprinting of Liver constructs in the New Horizons in Biotechnology
(NHBT) International Conference held on Nov 26-29" 2023.

Publications

e Research articles

1.

3.

Anupama Sekar J, Shiny Velayudhan, Senthilkumar Muthusamy and Anil Kumar
PR "Silymarin enriched gelatin methacrylamide bioink imparts hepatoprotectivity
to 3D bioprinted liver construct against carbon tetrachloride induced toxicity."
European Journal of Pharmaceutics and Biopharmaceutics (2024): 114272.

Anupama Sekar J, Shiny Velayudhan, and Anil Kumar PR "Biocompatibility
evaluation of antioxidant cocktail loaded gelatin methacrylamide as bioink for
extrusion-based 3D bioprinting." Biomedical Materials 18.4 (2023): 044101.

Asha V. Nath, Shilpa Ajit, Anupama J. Sekar, Anil Kumar PR, and Senthilkumar
Muthusamy. "MicroRNA-200c/429 mediated regulation of Zebl augments N-
Cadherin in mouse cardiac mesenchymal cells." Cell Biology International 46, no.
2 (2022): 222-233.

Roopesh R.Pai, Shilpa Ajit, Anupama Sekar J, Sarath S. Nair, Anil Kumar PR and
Shiny Velayudhan. "Radical scavenging gelatin methacrylamide based bioink
formulation for three dimensional bioprinting of parenchymal liver construct.”
Bioprinting 27 (2022): e00214.



e Abstract

Anupama Sekar, J. and Anil Kumar P.R., Hepatoprotective Bioink for 3D
Bioprinting of Liver, Tissue Engineering Part A 2022; 28(S2 Abstracts); 1-408.

e Book chapters

1. Anupama Sekar, J., et al. "3D bioprinting in tissue engineering and regenerative
medicine: current landscape and future prospects.” Biomaterials in Tissue
Engineering and Regenerative Medicine: From Basic Concepts to State of the Art
Approaches (2021): 561-580.

2. Pai, Roopesh R., J. Anupama Sekar, Shilpa Ajit, Shiny Velayudhan, Naresh
Kasoju, and Anil Kumar PR. "Three-dimensional bioprinting of tissues and organs."
In Biomedical Product and Materials Evaluation, pp. 135-150. Woodhead
Publishing, 2022.

3. Muthusamy, S., Ajit, S., Nath, A.V., Anupama Sekar, J. and Ramya Lakshmi,
T.S., 2022. Enzymes from genetically modified organisms and their current
applications in food development and food chain. Novel Food Grade Enzymes:
Applications in Food Processing and Preservation Industries, pp.357-382.

e Patent filed

Three Dimensional Bioprinted in vitro Hepatotoxicity Assay Platform,
Filed on 23-03-2023: Publication awaited



IOP Publishing

@ CrossMark

RECEIVED
10 February 2023

REVISED
23 April 2023

ACCEPTED FOR PUBLICATION
23 May 2023

PUBLISHED
2 June 2023

Biomed. Mater. 18 (2023) 044101

Biomedical Materials

PAPER

https://doi.org/10.1088/1748-605X/acd82f

Biocompatibility evaluation of antioxidant cocktail loaded gelatin
methacrylamide as bioink for extrusion-based 3D bioprinting

Anupama Sekar J', Shiny Velayudhan’

and Anil Kumar PR"*

! Division of Tissue Culture, Department of Applied Biology, Biomedical Technology Wing, Sree Chitra Tirunal Institute for Medical
Sciences and Technology, Thiruvananthapuram, Kerala 695 012, India

% Division of Dental Products, Department of Biomaterials Science and Technology, Biomedical Technology Wing, Sree Chitra Tirunal
Institute for Medical Sciences and Technology, Thiruvananthapuram, Kerala 695 012, India

* Author to whom any correspondence should be addressed.

E-mail: anilkumarpr@sctimst.ac.in

Keywords: 3D bioprinting, antioxidants, bioink, GelMA, hepatocytes

Supplementary material for this article is available online

Abstract

Three-dimensional (3D) liver bioprinting is a promising technique for creating 3D liver models
that can be used for in vitro drug testing, hepatotoxicity studies, and transplantation. The
functional performance of 3D bioprinted liver constructs are limited by the lack of cell—cell
interactions, which calls for the creation of bioprinted tissue constructs with high cell densities.
This study reports the fabrication of 3D bioprinted liver constructs using a novel
photocrosslinkable gelatin methacrylamide (GelMA)-based bioink formulation. However, the
formation of excess free radicals during photoinitiation poses a challenge, particularly during
photocrosslinking of large constructs with high cell densities. Hence, we designed a bioink
formulation comprising the base polymer GelMA loaded with an antioxidant cocktail containing
vitamin C (L-ascorbic acid (AA)) and vitamin E (a-tocopherol (a-Toc)). We confirmed that the
combination of antioxidants loaded in GeIMA enhanced the ability to scavenge intracellular
reactive oxygen species formed during photocrosslinking. The GeIMA formulation was evaluated
for biocompatibility in vitro and in vivo. These results demonstrated that the bioink had adequate
rheological characteristics and was biocompatible. Furthermore, when compared to bioprinted
constructs with lower cell density, high-density primary rat hepatocyte constructs demonstrated
improved cell-cell interactions and liver-specific functions like albumin and urea secretion, which

increased 5-fold and 2.5-fold, respectively.

1. Introduction

Liver is the second largest organ in human body that
performs wide range of functions essential for nor-
mal body function. Therefore, a significant decline
in liver function is detrimental to human health.
Orthotropic liver transplantation is a tried and true
treatment option for acute or end-stage liver diseases.
However, scarcity of organ donors, high invasiveness
and difficulties associated with life-long immune-
suppressants has limited its benefits and increased the
demand for engineering liver tissues [1].

To date various biofabrication strategies have
been exploited to engineer functional liver that can

© 2023 IOP Publishing Ltd

closely resemble their natural counterparts in terms of
both architecture and functions. Three dimensional
(3D) bioprinting is one such cutting-edge technology,
which has the potential to precisely deposit biomater-
ials and cells in a layer-by-layer manner, to create het-
erogeneous tissue-mimetic constructs that promote
cell—cell and cell-extracellular matrix (ECM) inter-
actions in a 3D environment [2]. Liver is a complex
organ, comprising of a variety of cell types at vary-
ing densities. Liver is organized into lobules and each
lobule has well-arranged cellular architecture with
majority of hepatocytes, that is arranged into hepatic
chords separated by sinusoids [3]. Within the normal
liver, the ECM comprises very limited compartment
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which is less than 3% of the relative area on liver
section [4]. Thus, liver has a high cellular density
(1.3 x 108 cells per gram of tissue) and these densit-
ies need to be replicated during bio-printing to mimic
the native tissue functionally and physiologically. The
fabrication of high-density tissue constructs, on the
other hand, is dependent on the bioprinting modal-
ity and bioink used.

Only very few methods for creating bioprin-
ted tissues with high cell densities have been docu-
mented in the literature. Bedossa et al has reported
the development a bioprinting approach to enable
high-resolution transfer of spheroids into self-healing
support hydrogels permits their patterning and fus-
ing into high-cell density microtissues with predeter-
mined spatial organization [5]. Daly et al on the other
hand reported laser assisted bioprinting of engineered
tissue with high cell density and successfully used this
printing technology to print precisely miniaturized
tissue like layouts with de novo high cell density and
micro scale organization [6].

Extrusion bioprinters allow printing of tissue
spheroids with 8000 cells in 300 mm diameter and
are hence preferred for bioprinting constructs with
high cell density (e.g. cell aggregates) [7]. However,
the efficacy of tissue fabrication by this printing mod-
ality is largely dependent on (i) physical and chem-
ical properties of biomaterials used for cell printing to
mimic tissue specific tissue ECM; (ii) shear-thinning
properties to allow for fluidity within the printing
nozzle for cell protection; (iii) cell-friendly cross-
linking chemistry for post-printing stability and (iv)
the ability to maintain the viability and functional-
ity of embedded throughout the bioprinting process.
This gave rise to the concept of creating structurally/
functionally sophisticated biomaterial formulations,
often referred to as bioinks, which are aqueous for-
mulations of polymers or hydrogel precursors that
contain cells and biological factors.

There exists a volume of literature on vari-
ous kinds of hydrogels used for extrusion based
bioprinting [8]. Among them, gelatin methacrylam-
ide (GelMA) is widely used for bioprinting owing to
its biocompatibility and superior printability. GelMA
is readily photocrosslinkable in presence of photoini-
tiators like Irgacure 2959 and Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate [9]. We have reported
previously that during photo-crosslinking of GelMA,
excess reactive oxygen species (ROSs) are generated
within HepG2 cells embedded in GelMA and inclu-
sion of a free radical scavenger (FRS) molecule, such
as AA (vitamin C) in the GeMA bioink could nullify
the adverse effect of excess ROS produced inside the
cells [10]. The use of antioxidants as photoprotect-
ants, either alone or in combination, has been extens-
ively documented in the literature. For example, it
is reported that a combination of vitamins C and
E is superior for UV protection to skin than an
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identical concentration of vitamin C or E alone. This
is due to the fact that when vitamin C and vitamin E
interact synergistically, they provide enhanced anti-
oxidant protection. Vitamin E scavenges active free
radicals during photo-crosslinking and gets oxidized
to form vitamin E radicals. In the presence of vitamin
C, vitamin E radicals get reduced and thus both work
synergistically [11, 12].

In this study, we utilized this synergic mechanism
to formulate a novel photo-protective bioink for the
fabrication of bioprinted liver construct using high
density (20 x 10°cells ml™!) of metabolically act-
ive primary hepatocytes. The bioink formulation con-
sisted of GelMA as base polymer and a cocktail of
anti-oxidants vitamin C (L-AA) and vitamin E (a-
Toc) along with a photoinitiator. The bioink was eval-
uated for its rheological characteristics, cell compat-
ibility and biocompatibility. The bioink was used to
fabricate liver construct and the construct was subjec-
ted to histo-morphometric and functional analysis.

2. Materials

Gelatin (Type A, porcine, 175 Bloom), Irgacure
2959, Fluorescein diacetate (FDA), propidium iodide
(PI), cell counting kit (CCK-8), minimum essential
medium (MEM), and Iscove’s modified Dulbecco’s
medium (IMDM) were obtained from Sigma,
India. Fetal bovine serum (FBS), trypsin-EDTA,
and penicillin-streptomycin antibiotics were pur-
chased from Gibco Invitrogen (India). Phosphate-
buffered saline (PBS) was procured from TaKaRa
(Shiga, Japan). The mouse subcutaneous fibroblast
cell line (L-929) was procured from the American
Type Culture Collection (USA) and human hepato-
cellular carcinoma (HepG2) cells were procured from
the National Center for Cell Sciences (Pune, India).

2.1. Cell culture

Fibroblast (L-929) and hepatocyte (HepG2) cells were
maintained in MEM supplemented with 10% FBS
and 1% penicillin-streptomycin antibiotics in a car-
bon dioxide (CO,) incubator set at 37 °C, 5% CO,,
and 95% relative humidity.

Primary rat hepatocytes were isolated from
male Wistar rats with prior approval from the
Institutional Animal Ethics Committee (SCT/IAEC-
406/JULY/2021/110) using a two-step perfusion
method, as reported earlier [13]. Isolated hepato-
cytes were maintained in IMDM supplemented with
2% FBS and 1% penicillin-streptomycin antibiotics
in a CO; incubator (New Brunswick, Germany) set
at 37 °C, 5% CO;, and 95% relative humidity.

2.2. Synthesis of GeIMA

GelMA was synthesized and characterized as pre-
viously reported [10, 14]. Gelatin was modified by
reacting with methacrylic anhydride under optimum
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temperature and pH. The reaction mixture was then
dialyzed, lyophilized, and further sterilized by ethyl-
ene oxide gas at 37 °C.

2.3. Preparation of base GelMA

The base GelMA formulation was prepared by dis-
solving GelMA (5% w/v) in serum-free medium
(MEM or IMDM) at 37 °C, which was later sup-
plemented with 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959) at a final con-
centration of 0.5% (w/v) as photoinitiator. GelMA
hydrogels were prepared by exposing 250 pl of the
GelMA bioink formulation to 365 nm UV light at
intensity of 8-12 mW cm 2. For the cell culture
experiments, GelMA bioink formulations were pre-
pared under aseptic conditions.

2.4. Phototoxicity analysis

To estimate the effect of UV damage on GelMA
encapsulated cells by photo-crosslinking, intracellu-
lar ROS (iROS) were measured by DCFDA-cellular
ROS assay (Abcam ab113851), as previously reported
[12]. HepG2 cells at a concentration of 9 x 10° cells
were mixed with 600 pl of GeIMA solution to com-
plete the bioink. The bioink solution (200 pl) was
transferred to 24 well plate and cross-linked by irra-
diation with UV light at 365 nm for 3 min to encap-
sulate the cells within the GelMA hydrogel. Similarly,
cell monolayer in 24 well plate exposed to UV for
3 min were considered as positive controls, and nor-
mal cells without UV treatment were considered as
negative controls. After UV exposure, cells from the
GelMA hydrogel were harvested using collagenase A
treatment. The control cells were treated with col-
lagenase. The retrieved cell suspension was washed
with PBS, resuspended in PBS (500 ul), and trans-
ferred into a black-clear 96 well plate and 2/, 7'—
dichlorofluorescein diacetate formed due to iROS
activity was quantified by measuring the fluorescence
at excitation/emission wavelengths of 485 nm/535 nm
using a spectrofluorometer (Synergy HI, Biotek,
USA). The percentage of ROS activity was calculated
for the cells retrieved from GelMA and the positive
control by normalizing with the negative control.

2.5. Photoprotective analysis of antioxidant
cocktail loaded GelMA

An antioxidant cocktail was then added to the base
GelMA bioink formulation. Two antioxidant vitam-
ins, AA and a-Toc were used. The concentration
of AA selected was 3.4 mM as previously reported
[10]. The concentrations of a-Toc were 25 uM and
100 uM. A stock concentration of 1 M «-Toc was
prepared in pure ethanol, diluted in PBS, and added
to the GeIMA formulation to obtain final concen-
tration of 25 uM and 100 uM «a-Toc. The UV pro-
tective property of GelMA-antioxidant formulations
was analyzed by measuring iROS production by cells
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encapsulated within the hydrogels, as discussed in
the previous section. The percentage of ROS activity
in cells within each GelMA-antioxidant formulation
(3.4 mM AA, 25 uM pM «-Toc and 100 uM uM a-
Toc) was calculated by normalizing with that of the
base GelMA formulation.

2.6. Preparation of GelMA-antioxidant
(GelMA-AO) formulation and evaluation

The GelMA-AO formulation was prepared at final
concentrations of 5% GelMA, 3% gelatin, 0.5% irga-
cure 2959, 3.4 mM AA and 100 pM «-Toc. The
Gelatin was added to impart thermosetting proper-
ties, enabling the bioink to be printed within the tem-
perature range of 18 °C-20 °C. GelMA-AO hydro-
gel was prepared by crosslinking the solution under
365 nm UV light for 3 min.

2.6.1. In vitro cytotoxicity evaluation of hydrogel

The cytotoxicity of the GeIMA-AO hydrogel was eval-
uated by direct contact and an extraction method
based on ISO 10993-5.

The GelMA-AO formulation was preincubated
at 37 °C and transferred to a 60 mm diameter
sterile petri dish. The solution was crosslinked by
exposing to 365 nm UV light for 3 min. The test
sample for the direct contact test was prepared
by cutting 4 mm discs from GelMA-AO hydro-
gel sheets. Ultra-high-molecular-weight polyethyl-
ene (UHMWPE) and organo-tin stabilized polyvinyl
chloride were used as negative and positive cytotox-
icity controls, respectively. Triplicate samples were
placed on an L-929 monolayer and incubated at
37 °C for 24 h. The cells around the samples were
examined under a microscope and cytotoxicity was
graded based on the ISO 10993-5 standard.

Cytotoxicity was analyzed by exposing cells to the
GeIMA-AO hydrogel extract. L-929 cells were seeded
in 96 well plate at a density of 1 x 10° cells/well
and allowed to attain sub-confluency. Hydrogel discs
with a thickness >1 mm was prepared using a Teflon
mold. The extract was prepared by incubating the
hydrogel discs in culture medium containing serum
at an extraction ratio of 1.25 cm? ml™! in a shak-
ing incubator at 37 °C for 24 h. The 100% extract
was diluted with culture medium to obtain 50, 25
and 12.5%. GeIMA-AOQ extract (100 pl) at each dilu-
tion was transferred to L-929 cells (n = 8) and incub-
ated for 24 h. Cells in normal culture medium were
considered as negative controls and cells treated with
1.3 mg ml~! phenol in culture medium were con-
sidered as positive cytotoxic controls. Cell morpho-
logy was examined microscopically for the response
to extract treatment, and cell viability was determ-
ined by the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT) assay. Cytotoxicity was
determined by calculating the percentage cell viabil-
ity expressed by cells treated with GelMA-AO extract
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and the positive control after normalizing the values
with that of the cell control.

2.6.2. HepG2 cell adhesion, viability and proliferation
The adhesion and morphology of HepG2 cells on the
GelMA-AO hydrogel were studied using actin stain-
ing. HepG2 cells at a density of 3 x 10° cells/well were
seeded on a GelMA-AO-coated cover glass placed
on 12 well plate. Following culture for 72 h, culture
medium was removed, and cells adhered to GelMA-
AO were rinsed thrice with PBS and fixed using 4%
paraformaldehyde for 30 min. The cells were per-
meabilized by treatment with 0.1% Triton-X 100
for 3 min and incubated with rhodamine-phalloidin
(1:100 dilution in PBS) for 15 min. Cell nuclei were
counterstained with Hoechst 33 258 (0.05 ug ml~! in
PBS). The cells were observed under a fluorescence
microscope (Leica DMI 6000, Switzerland) using fil-
ters N21 (red emission) and A (blue emission).

HepG2 cells at a density of 3 x 10° cells were
encapsulated in 250 pl of GelMA-AO hydrogel by UV
exposing for 3 min and cell viability was analyzed by
live/dead staining immediately after photocrosslink-
ing (0 h) and after day 1 (24 h). Cells were incub-
ated in serum free medium containing 0.01% FDA
and 0.005% PI. The cells were observed under a fluor-
escence microscope using I3 (green emission for live
cells) and N21 (red emission for dead cells) filters.

Also, the proliferation of HepG2 cells
(3 x 10° cells) encapsulated in 250 ul of GelMA-
AO hydrogel was analyzed using cell counting kit—
8 (CCK-8) on days 1 and 7. The culture medium
was replaced with the CCK-8 medium (1:10 dilution
in serum-free medium) and incubated for 2 h. The
CCK-8 medium was collected in a fresh 96 well plate
and the absorbance were measured at 450 nm using
a multi-well plate reader (Biotek, USA). The percent-
age of cell activity was calculated by normalizing the
absorbance value at day 7 with the average absorbance
value obtained on day 1.

2.6.3. Rheology

Rheological properties of the GelMA-AQ bioink for-
mulation were analyzed using a rheometer (Anton
Paar, Germany). Temperature sweep and viscosity
variation of the pre-crosslinked GelMA-AQ formula-
tion were performed. Temperature sweep tests were
conducted at varying temperatures (24 °C-8 °C)
to determine the physical gelation temperature of
GelMA-AO formulation, and the viscosity variation
of GeIMA-AO solution at 20 °C was measured at vari-
able shear rate (1-1000 s~!) using a parallel plate
PP25, 0.5 mm measuring distance to study the shear-
thinning behavior of GelMA-AO formulation. To
investigate the UV photo-polymerization of GelMA-
AO formulation, the sample were exposed to 365 nm
UV light source Omnicure 1000 (Lumen Dynamix
LDGI) at 20 °C under a constant shear strain of 1%,
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and the variation in storage modulus was recorded up
to 200 s.

2.6.4. 3D printing

The printability of GelMA-AO formulation was
primarily assessed by filament extrusion test followed
by printing different patterns like square, triangle and
zigzag to study the width size of the extruded fila-
ment, the ability of the bioink to print and maintain
different angles. Similarly, a circle pattern was also
printed to study the ability of bioink formulation to
print curvature. A square grid multilayer pattern with
internal perpendicular filaments with outer dimen-
sions of 10 x 10 x 2 mm was also printed to evaluate
the shape fidelity of the bioink formulation. All the
patterns were created using 3D BioCAD (regenHU,
Switzerland) software and G-codes were generated to
printataspeed of 10 mms~! at 20 °C. Printing exper-
iments were performed using extrusion print head
of 3D printer (3D Discovery, RegenHU, Switzerland)
with nozzle of size 410 pm. Before initiating printing,
the 5 ml cartridge containing the GelMA-AO solu-
tion was kept at 2 °C-8 °C for 2-3 min to allow for
physical gelation and the cartridge was loaded into
a 3D printer and were printed based on the selected
design. The printed multilayer constructs were cross-
linked with 365 nm UV light for 3-5 min.

The surface morphology of 3D printed GelMA-
AO constructs were analyzed by SEM (Model:
Hitachi, 52400). The 3D printed samples were lyo-
philized, sputter coated with gold and observed under
SEM. Images were captured and pore size was meas-
ured by image analysis using Fiji Image J software.

To study the stability of the 3D printed GelMA-
AO hydrogel under physiological conditions, the con-
structs were incubated in MEM complete medium at
37 °C in a CO2 incubator for seven days. The initial
weight (W;) of the construct (n = 4) was measured on
day 0, and the final weight (W¢) was measured after
incubation on days (1, 3, and 7). The percentage of
weight loss of the construct was calculated using the
following equation:

. Wi— Wt
Weight loss (%) = = 100.

2.6.5. Subcutaneous implantation of 3D printed
construct

The biocompatibility of the GelMA-AO hydrogel was
evaluated in a rabbit model with prior approval
from the Institutional Animal Ethics Committee of
Bioneeds India Private Limited (BIO-IAEC-4303).
GelMA-AO constructs with a size of 10 x 10 X 2 mm
were 3D printed and used for subcutaneous implant-
ation as per ISO 10993-6 biological evaluation of
medical devices”- tests for local effects after implant-
ation. Clinically used collagen (ColoPlug, India) of
a similar size to the test sample was used as a con-
trol. Adult male New Zealand White rabbits weigh-
ing 2.3—2.4 kg were subjected to surgical procedures
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under general anesthesia by intramuscular injection
using a mixture of xylazine (5 mg kg~') and ketam-
ine (35 mgkg™1).

The test item was implanted into the subcu-
taneous tissue on the right side by blunt dissection
25 mm apart from each implant, and the reference
item pieces were implanted on the left side by blunt
dissection 25 mm apart from each implant. A glass
bead sterilizer was used to sterilize the surgical equip-
ment. Subcutaneous pockets were made by blunt
dissection, 25 mm from each site. The GelMA-AO
hydrogel (n = 4) was implanted on the right side,
and control collagen samples (n = 4) pre-soaked
in sterile PBS were implanted on the left side. The
skin incisions were closed using nonabsorbable suture
materials. The animals were observed daily for mor-
tality throughout the experimental period of 15 d.
At the end of the observation period, animals were
sacrificed by intravenous administration of sodium
thiopentone. The implant sites, together with suffi-
cient surrounding tissue, were collected and further
processed for histopathological analysis. The tissue
response at each implant site was determined, and the
average score for the test and control groups was cal-
culated. The average score for the control group was
subtracted from the average score of the test group to
obtain the histological evaluation score. The response
to the test sample was graded as minimal or no-
reaction (0.0-2.9), slight reaction (3.0-8.9), moderate
reaction (9.0-15.0) or severe reaction (>15).

2.7. GelMA-AO bioink and optimization of high
cell density 3D bioprinting

Liver construct was 3D bioprinted using GelMA-AO
bioink (5% GelMA, 3% gelatin, 0.5% irgacure 2959,
3.4 mM AA and 100 pM «a-Toc and primary rat hep-
atocytes isolated from Wistar rats). Bioink with two
different cell concentrations, 1 x 10° cells/construct
(1M)and 5 x 10° cells/construct (5 M) was prepared.
Bioprinted constructs were stabilized under UV irra-
diation and cultured in IMDM + 2% FBS medium
in a CO, incubator at 37 °C. Culture media were
collected from the constructs and analyzed for albu-
min and urea production. Cell distribution inside the
construct was assessed using hematoxylin and eosin
(H&E) staining.

2.8. Functional evaluation of 3D bioprinted liver
with high cell density

Culture media collected from bioprinted constructs
(days 1, 3, and 5) were analyzed for urea and albumin
secretion. The amount of urea released by the con-
struct was estimated using a commercial urea assay
kit (Biochain, Cat No: Z5030016) according to the
manufacturer’s instructions. The albumin secreted
by the constructs was measured using a rat albu-
min ELISA Quantitation kit (Bethyl, Cat no: E111-
125) according to the manufacturer’s instructions.
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The amount of albumin synthesized by the construct
was determined from a standard curve obtained for
rat albumin.

2.9. Statistical analysis

All experiments were performed in triplicate (n = 3).
The results are presented as mean =+ standard
deviation, and significance was calculated using
Student’s t-test. Statistical significance was set at
P < 0.05.

3. Results

3.1. Phototoxicity analysis in GeIMA encapsulated
cells

The formation of ROS in HepG2 cells exposed to
UV light was measured to explain the phototoxicity.
The iROS levels of HepG2 cells encapsulated in the
base GeIMA formulation were compared with those
of normal cells (negative phototoxicity control) and
cells exposed to UV (positive phototoxicity control).
Figure 1 shows the ROS activity of the UV-exposed
cells and cells encapsulated in the Ge]MA hydrogel.
The UV exposed cells showed 450 + 16% increase in
iROS compared to normal cells without UV exposure.
The GelMA entrapped cells also showed significantly
higher ROS activity, reaching to 370 4= 30% compared
to negative control.

3.2. Photoprotective effect of antioxidant loaded
GelMA on cells

The photoprotective GelMA was formulated by
optimizing the concentration of antioxidants and
their subsequent effect on iROS production within
encapsulated HepG2 cells. We have previously repor-
ted the standardized concentration of cytoplasmic
protective agents by incorporating 3.4 mM AA into
GelMA [10]. The effect of free radicals on the cell
membrane may also affect cells. Hence, we evaluated
two concentrations of a-Toc in GeIMA (GelMA-xToc
25 uM and GelMA-aToc 100 uM) and compared
the intra cellular ROS activity of cells encapsulated in
the GelMA hydrogel (figure 2). The result indicates
that when compared with conventional base GelMA
formulation, the cells in GelMA-AA only 38 £+ 1%
of ROS activity in base GelMA. Similarly, cells in
GelMA- aToc 100 uM also showed lower ROS activ-
ity of 57 = 3% with respect to GeIMA alone, whereas
GelMA- aToc 25 pM did not show a significant dif-
ference. Hence, the antioxidant cocktail was formu-
lated with 3.4 mM AA and 100 uM «-Toc (GelMA-
AA-aToc 100 uM) and analyzed for ROS activity. The
results confirmed that the combination of AA and a-
Toc had better efficiency in photoprotection, as evid-
enced by ROS activity of only 29 & 0.4% compared to
GelMA.
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Figure 1. Intracellular ROS production when cell laden
GelMA crosslinked by UV exposure. ROS activity of gel
entrapped and UV exposed cells (positive control) were
normalized to ROS in normal cells (negative control) that
were not exposed to UV (***p = <0.0001,

ns = non-significant).

3.3. Bioink evaluation of GelMA-Antioxidant
(GelMA-AO) formulation

3.3.1. In vitro cytotoxicity evaluation of hydrogel

In vitro cytotoxicity analysis of the GelMA-AO
hydrogel based on ISO 10993-5 by direct contact with
L-929 fibroblast cells did not show cytotoxic reactiv-
ity under or around the sample. Hence, it achieved a
score of grade 0, which was considered non-cytotoxic
(figure 3(a)). The negative control showed non-
cytotoxic reactivity and the positive control showed
severe cytotoxic reactivity.

The cytotoxicity due to the potential leachant
from GelMA-AO hydrogel was analyzed by testing the
extract method using 1929 cells. After treatment with
various dilutions of GeIMA-AQ extract, cells showed
non-cytotoxicity with a cytotoxicity grade 0 based on
ISO 10993-5. This was comparable to the morpho-
logy of cells cultured in the normal medium (cell con-
trol) (figure 3(b)). Cells treated with diluted phenol
showed severe grade 4 cytotoxicity. To quantify the
cytotoxicity, the MTT assay was performed soon after
observation of cells at the end of the treatment time.
The activity of cells treated with dilutions of GelMA-
AO extract and phenol was normalized to that of
the cell control. Cytotoxicity was calculated as a per-
centage of cell activity (figure 3(c)). The 100%, 50%,
and 25% extracts of GelMA-AO showed mean cell
activity of more than 100%, and there was no stat-
istically significant difference compared to cell con-
trol. On the other hand, the cells treated with dilute
phenol, which is considered a positive cytotoxic con-
trol, showed severe cytotoxicity with a Grade 4 score
and <20% cell activity.

3.3.2. HepG2 cell adhesion, viability and proliferation
Staining of cytoskeletal structural proteins in HepG2
cells cultured on GelMA-AO hydrogel showed that
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the hydrogel facilitated cell attachment. The cells
showed a morphology on the gel surface and were
evenly distributed (figures 4(a) and (a’)). The viab-
ility of HepG2 cells encapsulated in the GelMA-
AO hydrogel was analyzed by live-dead staining
showed that cells were viable immediately after cross-
linking, confirming the safe photocrosslinking pro-
cess (figure 4(b)). The viability of HepG2 cells was
analyzed after 24 h of encapsulation (figure 4(c)),
confirming the suitability of GelMA-AO as a cyto-
compatible hydrogel. The proliferation of HepG2
cells encapsulated in the GeIlMA-AO hydrogel ana-
lyzed by the CCK-8 assay is shown in figure 4(d).
The cell activity measured on the 7th day after cell
encapsulation was normalized to that measured on
day 1. Assuming that the cells will multiply at least
once in 7 d, the results substantiate the evidence for
cell proliferation.

3.3.3. Rheology

The effects of temperature, shear rate, and time on
the physical properties of the bioink were investig-
ated by studying the rheological properties of GelMA-
AO formulations. It was observed that the viscosity
was inversely proportional to the temperature. A tem-
perature sweep analysis of GelMA-AO formulation
conducted in the range of 24 °C-8 °C is shown in
figure 5(a). The gelation point is a sudden increase in
viscosity with variation in temperature. GelMA-AO
formulations showed a sudden increase in viscos-
ity in the temperature range 18 °C-20 °C suggest-
ing its gelation point. During extrusion, it is import-
ant that the bioink containing live cells be extruded
through a small orifice of the nozzle without apply-
ing excessive shear to avoid the loss of cell viabil-
ity. For this reason, it is necessary for the bioink to
exhibit shear thinning behavior, which refers to the
non-Newtonian behavior of fluids, so that the vis-
cosity of the fluid decreases under shear. This shear-
thinning behavior of the GeIMA-AOQ formulation was
evident from the viscosity curve shown in figure 5(b).
The photo-crosslinking analysis under UV irradi-
ation at a temperature above the gelation temperature
of the GeMA-AO formulation is shown in figure 5(c),
which shows the variation of storage modulus with
respect to increasing UV exposure time from 50-200 s
which clearly indicates that the GelMA-AO solution
undergoes crosslinking.

3.3.4. 3D printing

Filament extrusion test shows the extrudability
of GeIMA-AO formulation under pressure which
is an essential criterion for qualifying a bioink
(figure 6(a)). Patterns printed using formulation sug-
gest that the width of the extruded filament was same
as that of the nozzle size (410 um inner diameter)
used for printing with no shrinkage or swelling of
the filament (figure 6(b)). The 3D printed multilayer



10P Publishing Biomed. Mater. 18 (2023) 044101 Anupama Sekar J et al

. kel g * P .
150+ I T 1t 1t 1
L ns '
L I Jekek i g1
2 1001
2
=
2
Q
©
[72]
o
€ 50
0-

GelMA GelMA-AA GelMA-aToc GelMA-aToc GelMA-AA-
3.4mM 25uM 100uM  aToc 100pM

Figure 2. Photoprotective property of antioxidant loaded GelMA formulations. ROS activity in cells encapsulated in GelMA was
considered as 100%. ROS activity in antioxidant loaded GeMA hydrogels were compared with GelMA. Combination of AA and
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Figure 3. Cytotoxicity analysis of GelMA-AO hydrogel. (a) L929 cells after 24 h direct contact with GelMA-AO, negative control
(UHMWPE) and positive control (1.3 mg ml~! phenol). (b) Test on extract analysis showing 1929 cells after 24 h treatment with
dilutions of GeIMA-AO extract, Cell control (culture medium) and dilute phenol. (c) Graph showing cell activity of cells
determined by MTT assay at the end of test on extract.
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Figure 4. Cytoskeletal staining (red) of HepG2 cells adhered on GelMA-AO hydrogel. (a) Cells distributed over the surface
showing adhesion. (a’) Magnified area showing cell morphology and spreading. Cell nuclei were counter stained (blue) to
identify the cells. Viability of HepG2 cells encapsulated in GeIMA-AO hydrogel showing viability (green) at (b) 0 h and (c) 24 h of
encapsulation. (d) Proliferation of HepG2 cells encapsulated in GelMA-AO bioink (***p = <0.0001).
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Figure 5. Rheological behavior of GeIMA-AO bioink formulation (a) temperature sweep, (b) viscosity curve and
(c) photocrosslinking.
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Figure 6. Three-dimensional printing of constructs with GelMA-AO formulation (a) The extrusion of GelMA as filament at
appropriate pressure and temperature, (b) Printability of GeIMA: first row represent various designs and second row shows
corresponding printed GeIMA, (c) 3 CAD design of multilayer construct, (d) 3D printing inside multiwell plate (e) 3D printed
GelMA-AO construct, (f) SEM image of GeIMA-AQ construct showing porous nature, (g) 3D Printed GeIMA-AO constructs
incubated in culture medium for 0, 1, 3, and 7 d and (h) graph depicts the percentage weight loss of 3D printed constructs on day
1, 3 and 7 relative to day 0.
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Figure 7. H&E staining of subcutaneous implanted 3D printed GelMA-AO construct. (a) and (a’) showed the control sample
under 5x and 10x magnification. Similarly, b and b’ shows images of GelMA-AO at 5X and 10X magnification. Scale bar
a&b = 200 pum, a’ &b’ = 100 um.

square grid constructs also showed the same size as
the CAD design (figures 6(c)—(e)).

3D printed GelMA-AO constructs observed
under SEM showed filamentous and porous nature
(figure 6(f)). The pore size measured by image
analysis showed that the average pore size was
102 = 20 pm.

The stability of the 3D printed Ge]MA-AO con-
struct under physiological conditions was analyzed
based on weight loss over time. The constructs were
stable in culture medium at 37 °C and maintained
their shape over a period of 7 d (figure 6(g)).
The quantitative analysis of weight loss depicted in
figure 6(h) shows that there was a slight reduction of
9.6 £+ 6% on day 1 and, reaching up to 20.2 + 6%
on day 3. On subsequent days, there were no further
weight loss observed until day 7 (20.7 & 6%).

3.3.5. Subcutaneous implantation of 3D printed
constructs

Subcutaneous implantation of 3D printed GelMA-
AQ construct did not show any signs of mortality or
morbidity. All animals survived until the completion
of the study. There were no treatment-related changes
in body weight. There were no gross pathological
observations during necropsy in any tissue, includ-
ing at the implantation sites (subcutaneous tissue).
Histological analysis of the tissue around the implant
showed lymphocytic infiltration at implantation sites
with a score of 1 in collagen control and scores of
1-2 in the GelMA-AO test item. Figures 7(a) and
(a’) shows macrophage infiltration around both the
control and test sample implantation sites achieved
a score of 1-2. The host tissue response in terms

of neovascularization in both control and GelMA-
AO implantation sites is shown in figures 7(a) and
(2’). Neovascularization was graded from 1 (minimal
capillary proliferation, 1-3 buds) to 2 (group of 4—
7 capillaries with supporting fibroblastic structures).
The response at each implantation site was determ-
ined and the average score for the control and GelMA-
AO sites was calculated. The average score for the
control site was subtracted from the average score
of the test site to obtain the histological evaluation
score of the test item. The results showed that histolo-
gical evaluation score for GelMA-AQO was 0.6 (table 1:
supplementary data). Thus, subcutaneous implanta-
tion of 3D Printed GelMA-AO hydrogel in a rabbit
model resulted in minimal or no reaction to the sub-
cutaneous tissue when evaluated at the end of 14 d.

3.4. Optimization of high cell density 3D
bioprinting

The cell number for high cell density bioprint-
ing was optimized at 4 x 10°cells ml~' and
20 x 10° cells ml~! concentrations of rat hepato-
cytes. A 3D construct of size 10 x 10 X 2 mm
requires approximately 250 pl of bioink, which pro-
duces a construct with 1 x 10° cells (1 M) and
5 x 10°cells (5 M) as shown in figures 8(a) and
(b). Albumin and urea synthesis are indicators of
liver-specific functions in 3D bioprinted constructs.
Figures 8(c) and (d) show that there was a signific-
ant increase in albumin and urea secretion by the
5 x 10°cells/construct compared to the 1 x 10° cell-
s/construct. Albumin secretion was approximately 5-
fold in 5 M constructs (281 #+ 20 ng ml~!) compared

9
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Figure 8. D bioprinting of liver constructs in GeIMA-AO bioink (a) bioprinted construct with 1 Million (1 M)
hepatocytes/construct, (b) bioprinted construct with 5 million (5 M) hepatocytes/construct. (c) Albumin secretion by bioprinted
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to 1 M construct (53 + 7.2 ng ml™!), indicating
maintenance of protein synthesis in high cell dens-
ity constructs. The urea secretion in 5 M constructs
(5 + 0.2 mg dI™!) was 2.5-fold compared to 1 M
construct (2.2 4= 0.05 mg dl~!). As the cell concen-
tration increased, it was expected to have an enhanced
function.

Histological analysis by H&E staining of 3D
bioprinted cells laden with 1 M and 5 M liver con-
structs showed even cell distribution. The cells in
the 1 M constructs were dispersed and spread out
with minimal cell-cell contact (figures 8(e) and (f)).
Interestingly, the 5 M construct showed more cell-
cell interactions and orientations (figures 8(g) and
(h)). Since the 5 M construct has a higher cell dens-
ity, the hydrogel content was lower and more cell-
cell interactions were evident. Based on the functional
and histological evaluation, it can be deduced that
3D bioprinted constructs with 5 x 10° cells/construct
outperformed those with 1 x 10° cells/construct, and

the 5 M construct was selected for bioprinting high
cell density constructs for extended duration.

3.5. Functional evaluation of 3D bioprinted
constructs with high cell density

The functional performance of the high cell density
(5 M) 3D bioprinted constructs in exhibiting liver-
specific characteristics was confirmed by analyzing
albumin and urea secretion over an extended period
of 5 d (figures 9(a) and (b)). Both albumin and urea
secretion showed a linear increase over 5 d in culture.

4., Discussion

GelMA which forms covalently cross-linked hydro-
gels under UV light (A = 365 nm) exposure in
the presence of a photoinitiator, is a widely used
hydrogel in bioink formulations for 3D bioprint-
ing. GelMA bioink has been studied for the fabrica-
tion of cardiac, skeletal, neural, bone, cartilage, and
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skin tissues because of its excellent flow properties,
biocompatibility, and controllable biodegradability
[10, 15]. After 3D bioprinting, the cell-laden con-
structs were exposed to ultraviolet (UV) light.
However, exposure to UV light may damage cells
either by direct absorption of cellular DNA or indir-
ectly via photosensitization reactions. During the
photo-crosslinking of GelMA, a significant num-
ber of free radicals are produced during the radical-
initiated crosslinking process. It is well established
that exposure to UV light has a physiological impact
by forming ROSs inside cells [16, 17]. In this study,
we cross-linked GelMA by exposure to UV light at a
wavelength of 365 nm and evaluated its phototoxicity
to cells. We previously showed that the percentage
of ROS formed in cells after UV crosslinking, results
in extensive intracellular ROS production. The study
also showed that the addition of 3.4 mM AA, a well-
known FRS or antioxidant, to the GeIMA bioink for-
mulation offered photoprotection to the bioprinted
parenchymal constructs with HepG2 cells by nullify-
ing the UV radiation produced damage [10]. Similar
experiment was also done in this study as control
and shown in figure 1. This result was in line with
that of our previous study, in which cells encap-
sulated with GelMA produced significantly higher
ROS levels than cells not exposed to UV light. When
we consider the 3D bioprinting of tissues with high
metabolic activity, viability and functional perform-
ance must be maintained. In this study, we imparted
a photoprotective property by formulating a cock-
tail of antioxidants such as AA and «-Toc. The role
of these antioxidants in the bioink formulation was
to enhance photoprotection during the crosslinking
of liver constructs with metabolically active primary
rat hepatocytes at high cell density. a-Toc is one
of the extensively studied lipophilic molecules with
antioxidant properties, and it has been reported that
100 uM of a-Toc provides a protective effect against
UVAI (340-400 nm)-induced DNA damage in ker-
atinocytes in vitro [18]. Hence, a-Toc is considered
a protective agent in topical sunscreens to prevent
damage from sunlight. Based on previous reports,
two concentrations of a-Toc (25 uM and 100 pM)
were selected for this study and were included in
the base GeIMA formulation. Figure 2 shows that
GelMA-aToc 100 puM significantly reduce the accu-
mulation of intracellular ROS. We have previously
reported that GelMA with 3.4 mM AA shows radical
scavenging properties in bioinks. Here, we modified
the formulation to enhance the photoprotective abil-
ity of GelMA for bioprinting liver constructs with
high cell density. Analysis of ROS by cells encapsu-
lated in GelMA loaded with a cocktail of AA (3.4 mM)
and a-Toc (100 uM) showed that the combination of
antioxidants GelMA-AA-aToc 100 uM had a signi-
ficant influence in reducing intracellular ROS com-
pared to either antioxidant used alone. The syner-
gistic interaction between AA and a-Toc was evident
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in the outcome that resulted in better photoprotec-
tion when used in combination [12, 19].

In order to 3D bioprint liver construct with a
maximal cell load and a minimum amount of matrix,
5% GelMA was used. It is also known that GelMA at
a concentration of <5w/v %) is suitable for cell-laden
constructs [20]. Low concentrations of GelMA affect
3D printability because of its poor viscosity and slow
gelation rate. Addition of gelatin to 5% GelMA can
improve the printability properties when itis used as a
bioink. Therefore, we arrived at an optimized GelMA-
AO formulation containing 5% GelMA, 3% gelatin,
3.4 mM AA, 100 uM «-Toc and 0.5% irgacure.

To qualify the formulation for use as a bioink,
it is essential to know its cytocompatibility [21, 22].
Cytocompatibility analysis of the GelMA-AO formu-
lation was confirmed by cytotoxicity, cell adhesion,
cell viability after encapsulation, and proliferation,
as shown in figures 3 and 4. The actin filaments
within the cells showed a direct evidence that the
hydrogel promotes cell attachment. Bioink compon-
ents influence its ability to be extruded in a consist-
ent manner as well as maintenance of its structural
integrity [23]. The rheological analysis of GelMA-AO
revealed its thermoresponsive properties and enabled
3D printing at 18 °C-20 °C (figure 5(a)). Extrusion
under pneumatic pressure might cause severe shear
during bioprinting, which would affect cell viability
[21]. Hence, one of the most important characterist-
ics of bioinks is their shear-thinning behavior. The
GelMA-AO formulation exhibited excellent shear-
thinning behavior, as shown in figure 5(b). The addi-
tion of antioxidants may hamper crosslinking ability.
Dynamic crosslinking analysis revealed an increase
in the storage modulus with respect to the duration
of UV exposure. Crosslinking within a duration of
<200 s indicated that the antioxidants did not extens-
ively affect the crosslinking property of the formula-
tion (figure 5(¢)).

Printability of a bioink is an important parameter
to be considered while standardizing the bioink as the
bioprinted product must mimic both cellular archi-
tecture and shape. The ability to extrude is a basic
requirement for printability. A bioink formulation
should be flowable and must be able to deposited
precisely in terms of spatial, temporal, and volumet-
ric control. Porosity of scaffold is important in tissue
engineering as the pore size influences both nutri-
ent and oxygen transfer for the survival, prolifera-
tion of cells and also in vascularization [24, 25]. It
has been previously reported that pore size of 10%
GelMA ranged 102 + 20 pm in diameter indicating
suitable microenvironment for cell viability prolifer-
ation and function. The morphology of 3D printed
GelMA-AO construct showed both macro and micro
pores (figure 6(f)). Stability of the printed construct
during in vitro maintenance under physiological con-
ditions is another crucial factor. During the initial
days, the observed reduction in weight could be due to
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the release of gelatin from the construct [10]. Release
of gelatin does not affect the shape or size of the con-
structs. Thus, it can be concluded that the 3D prin-
ted construct with GeIMA-AO formulation was stable
under physiological conditions (figures 6(g) and (h)).
The biocompatibility evaluation studies the local
effects on the surrounding tissue (number and dis-
tribution of inflammatory cells, vascularity of fibrous
capsule, granuloma, fatty infiltration, material debris,
endothelialization, and presence of necrosis) fol-
lowing the implantation of biomaterials. We ana-
lyzed the biocompatibility of the GelMA-AO hydro-
gel in a rabbit model according to ISO 10993-6.
When implanting hydrogels in vivo, a higher num-
ber of macrophages around the implant site can
influence material degradation. Lymphocyte reac-
tions to polymeric implants can also have negat-
ive effects and reduce biocompatibility [26]. In our
experiment, collagen was used as the control mater-
ial. When examined histologically (figure 7), the cell
response in terms of macrophage infiltration at both
control and test implantation sites was graded to a
score of 1-2. Lymphocytic infiltration at the con-
trol implantation site achieved a score of 1 and
the test implantation site achieved a score of 1-2.
Vascular network formation at the implant site is
critical for determining biocompatibility [27]. Neo-
vascularization refers to the formation and growth of
new blood vessels through several vascular processes,
namely, vessel formation, sprouting, maturation, sta-
bilization, remodeling, and specialization [28]. The
tissue response in terms of neovascularization was
graded as 1 (minimal capillary proliferation, focal, 1-
3 buds) to 2 (group of 4-7 capillaries with support-
ing fibroblastic structures) at both the control and test
item implantation sites. Thus, subcutaneous implant-
ation of the 3D Printed GelMA-AO hydrogel can be
considered to have minimal or no reaction to the sub-
cutaneous tissue when evaluated at the end of 14 d.
The main requirement for 3D bioprinting of liver
constructs is the fabrication of liver tissue that mimics
the native tissue and exhibits liver-specific functions.
Tissue engineering of liver tissues remains a chal-
lenge in developing functional constructs for clin-
ical application and in vitro tissue models [29]. Some
of the limitations of conventional tissue engineering
can be overcome using 3D bioprinting. The advant-
age of 3D bioprinting is its ability to spatially dis-
tribute cells within the construct and to design the
vasculature within the construct [30]. To achieve the
highest level of functional performance in bioprinted
constructs, it is necessary to mimic the cell arrange-
ment and microenvironment of the native tissues.
The liver tissue is made up of 70% parenchymal
cells, 30% non-parenchymal cells, and fewer ECM
components [31]. Hence, it would be preferable to
consider the high cell density of hepatocytes and a
low ECM compartment in biofabricated tissue. In
this study, we designed a grid pattern of 1 X 1 cm
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with an interfilament distance of 1 mm for efficient
mass transfer. The bioink contained low (5% w/v)
concentration of GelMA to accommodate high cell
density. Dvir-Ginzberg et al reported high cell dens-
ity bioprinting of liver constructs using alginate as
a bioink [32]. Their study proved that a higher cell
density of 5 million cells cm > maintained higher cell
viability than those with low cell density. Here, we
used GeMA-AOQ bioink to fabricate 5 million cells per
construct with dimensions of 10 x 10 X 2 mm, which
is equivalent to 50 million cells cm™* when extrapol-
ated from a previous report. Histological analysis of
cells in the 5 M cells/construct showed more cell-cell
contact than the low cell density constructs. Albumin
and urea synthesis analyzed 24 h after bioprinting
showed 5-fold and 2.5-fold production, respectively,
compared to the 1 M construct (figure 8). The 5 M
constructs were further evaluated for an extended
duration of 5 d, showing a linear increase in albu-
min and urea synthesis, substantiating the reason for
improved functional performance in the high cell
density construct, as shown in figure 9. Collectively,
the results of this study provide evidence for the for-
mulation of a photoprotective bioink for high cell
density bioprinting of liver constructs.

5. Conclusions

This study reports the use of an antioxidant cocktail-
loaded GelMA-based bioink with photoprotective
properties for 3D bioprinting of liver constructs with
high cell density. The results showed that the antiox-
idant cocktail system improved the radical scavenging
properties of both antioxidants alone. Additionally,
the 3D printed construct printed using the novel
GelMA-AO formulation evaluated by subcutaneous
implantation in a rabbit model confirmed its biocom-
patibility. Three-dimensional bioprinted constructs
with a high density of hepatocyte cells showed
improved functionality and cell organization com-
pared to bioprinted constructs with low cell dens-
ity. Our research proposes a potential method to
overcome the phototoxicity of crosslinking bioprin-
ted constructs using GelMA-AQ bioink. The method
and results presented herein will be useful for fab-
ricating transplantable liver constructs that resemble
native tissues.
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